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ENZYMATIC SYNTHESIS OF DEOXYRIBONUCLEIC ACID. IIT. THE 
INCORPORATION OF PYRIMIDINE AND PURINE ANALOGUES INTO 
DEOXYRIBONUCLEIC ACID* 


By Maurice J. BessMan,t I. R. Lenman, Juttus ADLER,{ STEVEN B. ZIMMERMAN,S$ 
E. 8. Simms, AND ARTHUR KORNBERG 


DEPARTMENT OF MICROBIOLOGY, WASHINGTON UNIVERSITY SCHOOL OF MEDICINE, 
ST. LOUIS, MISSOURI 


Communicated May 26, 1958 


The synthesis of DNA‘ by an enzyme from Escherichia coli requires the presence 
of the deoxynucleoside triphosphates of adenine, guanine, cytosine, and thymine, 
magnesium ions, and DNA.*:* * The product contains the deoxynucleotides 
joined by typical 3’,5’-phosphodiester linkages and can be formed in amounts up 
to 20 times the initial quantity of DNA added to the reaction mixture.?:* Physical 
measurements indicate that the properties of the synthetic product are, in all 
respects measured, characteristic of DNA isolated from biological sources; it has a 
highly ordered rigid structure and an average molecular weight of about 5 million.® 
The reaction is specific for deoxynucleoside triphosphates, is reversed by high 
concentrations of inorganic pyrophosphate, and may be formulated thus: 


n dAPPP T dAP 


+ 
n dGPPP dGP 

+ +DNA=DNA - + 4(n)PP 
n dCPPP dCP 


+ 
n TPPP Ee 


In view of reports that the pyrimidine and purine analogues, 5-bromouracil and 








8-azaguanine, are incorporated into DNA in vivo,®~" it was of interest to determine 
whether our enzyme system would also accept substrates with such “‘unnatural”’ 
bases. The studies to be reported show that several pyrimidine and purine ana- 
logues!' (uracil, hypoxanthine, 5-bromouracil, 5-bromocytosine, and 5-methyl- 
cytosine) are incorporated enzymatically into DNA. In each case the analogue 
substitutes specifically for the base it closely resembles with respect to the hydro- 
gen-bonding properties required in the DNA structure proposed by Watson and 
Crick!*: 13 (Fig. 1). 
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METHODS AND MATERIALS 


The analytical procedures and the preparation of the deoxynucleoside triphos- 
phates of adenine, guanine, thymine, and cytosine were carried out as reported 
elsewhere.” * 


Hydrogen Bonding of Adenine to Thymine 





R 
—H Uracil 


Bromouracil 




















Cytosine 
Methylcytosine 


Bromocytosine 














Guanine 


Hypoxanthine 
Xanthine 











Fic. 1. 


Assay for Deoxynucleotide Incorporation into DN A.—This is based on the con- 
version of a deoxynucleoside triphosphate (labeled with P** in its innermost phos- 
phate) to an acid-insoluble product. Complete details of this assay were provided 
elsewhere.” 


Preparation of dUTP, dITP, and dX TP.—aUTP, dITP, and dXTP were prepared 


from dCTP, dATP, and dGTP, respectively by deamination with nitrous acid at 
25° for 2 hours, according to Lohman.'* Thedeaminated products were precipitated 
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as barium salts, converted to potassium salts by treatment with Dowex-50 K+ 
at pH 5 at 0°, and purified by chromatography on Dowex-1 Cl columns.? The 
columns were washed first with enough 0.1 M LiCl-0.01 NV HCl to elute completely 
the dCTP or dATP. dUTP or dITP was eluted in approximately 10 resin-bed 
volumes as a symmetrical peak by 0.20 M LiCl-0.02 N HCl and obtained in 
yields of approximately 60 per cent from 2 wmoles of starting material. dXTP was 
not chromatographed; spectrophotometric analysis after treatment with nitrous 
acid showed that at least 95 per cent of the dGTP had been deaminated. 

Preparation of 5-Bromo dCTP and 5-Bromo dUTP.—dCTP was brominated 
according to the procedure of Markham," by adding dropwise a solution of bromine 
in carbon tetrachloride to dCTP dissolved in formamide. The uptake of bromine 
Was instantaneous; the addition was stopped when an excess had been added, as 
shown by persistence of a yellow color. Excess bromine was removed by adding 
a drop of aniline; the brominated dCTP was then precipitated as the barium salt, 
converted to the potassium salt, and purified by chromatography on paper.'® 
5-Bromo dUTP was prepared by deamination of 5-bromo dCTP in nitrous acid as 
described for the preparation of dUTP. It was purified by paper electrophoresis 
at pH 9.3 according to Dunn and Smith."° 

Preparation of 5-Methyl dCTP.—5-Methyl deoxycytidylate was isolated from 
wheat-germ DNA according to Sinsheimer and Koerner,': '* and was converted to 
the triphosphate by the procedure of Khorana.'* *° Analyses of all the analogues 
are reported in Table 1. 


TABLE 1 
ANALYTIC Data FOR ANALOGUES OF THE NATURAL DEOXYNUCLEOSIDE TRIPHOSPHATES 
5-Bromo 5-Methyl 5-Bromo 

Analysis dUTP dUTP dCTP dCTP dITP dXTPs 
Total P (moles) 3.00 3.00 3.00 3.00 3.00 3.00 
Acid-labile P (moles)* 1.85 93 1.86 2.18 ry 
Base (moles) 1.1] 98 1.01 1.07 0.94 
Deoxypentose (moles 0.91 te 
\ max (my) tT 262 27 286 299 249 263 
dA 280/A 260 0.45 77 3.00 4.0 0.27 0.32 
d 250/A 260 0.72 62 0.46 l 1.62 0.72 


* Determined as inorganic ortho P after 15 minutes in 1 NV H2SO;at 100 
¢ Spectral measurements were at pH 1 except for dITP, which was at pH 7. 


Enzymes.—Micrococeal DNase was kindly provided by Dr. Lew Cunningham. 
Spleen phosphodiesterase was obtained as a gift from Dr. Leon Heppel, and more 
was prepared according to the method of Hilmoe and Heppel.?! Semen phospho- 


monoesterase was prepared according to Kornberg and Wittenberg.2*? The de- 


The DNA- 


’ 


oxynucleotide kinase(s) of . coli was prepared as described previously. 
synthesizing enzyme from EF. coli was prepared from the ‘polymerase’ 
VII described elsewhere? by refractionating with diethylaminoethyleellulose in 
the identical manner as fraction VIT. It is referred to as ‘‘fraction VITI-R.”’ 


fraction 


RESULTS 
Replacement of the ‘Natural’ Bases of DNA by Their Analogues.—dUTP used 
in place of TTP supported DNA synthesis at 54 per cent of the rate of the control 
value but failed to support synthesis when used in place of dATP, dGTP, or dCTP 
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(Table 2). 5-Bromo-dUTP was more effective as a replacement for TTP but was 
unable to substitute for any of the other triphosphates. The 5-bromo and 
methyl dCTP derivatives replaced only dCTP and were even more effective than 
dCTP itself in promoting DNA synthesis; evaluation of the significance of these 
higher rates requires further kinetic studies. dITP permitted a reduced rate of 
DNA synthesis in the absence of dGTP, but essentially no synthesis when any one 
of the other triphosphates was absent. 


TABLE 2 
REPLACEMENT OF NATURAL Bases BY ANALOGUES IN ENZYMATIC SYNTHESIS OF DNA 
CoNTROL Natura Base Omirrep 
VALUE* Thymine Adenine Guanine Cytosine 
mu Moues) Base ANALOGUE Usep (Per Cent of Control)t 
50 Uracil 54 6 
88 Uracil 
43 5-Bromouracil 97 4 
$2 5-Bromouracil 
51 5-Bromocytosine 4 
40 5-Bromocytosine 4 
5-Methyleytosine 3 
52 5-Methyleytosine 2 
Hypoxanthine : 25 
Hypoxanthine } 
Control values are mumoles of radioactive deoxynucleotide incorporate dinto DN: ‘ in the absence of aneloans- 


Incubation mixtures contained in 0.3 ml., 5 mumoles each of TTP, dATP, dCTP, and dGTP; 2 wmoles of MgC 


20 wmoles of potassium phosphate (pH 7.4); 10 wg. of calf-thymus DNA; and 1 ug. of enzyme fraction VII- i 
Expe riments were performed at 37° for 30 minutes. Labeled substrates were: dCP**PP in Expts. 1, 2, 5a; 


TP*#?PP in Expts. la, 3, 4,5; and dGP*PP in Expts. 2a, 3a, 4a. 

+ The percentage value represents the fraction of the labeled substrate incorporated when the analogue (5 
mumoles) was use = instead of a natural base All bases, natural or analogue, were supplied as the deoxynucleoside 
triphosphates Values of 5 per cent or below are near the limit of detectability and are of questionable significance 


TABLE 3 
INCORPORATION OF P**-DEOXYURIDYLATE INTO DNA 
P3?-Deoxynucleotide 
Incorporated 
Substratest (my Moles) 
U+T+C+A+G 0.14 
Omit T 0.38 
Omit C 0.01 
Omit A 0.01 
Omit G 0 
. A . ‘ 
U+T+C+A+G 0! 
Omit U 0 


tU = dUTP; C = dUP#PP; T = TTP; T = TP#PP; ( 
dCTP; A = dATP; G = dGTP. 


Direct Demonstration of the Incorporation of Deoxyuridylate into DN A.—Deoxy- 
uridylate was incorporated into DNA at about half the rate of thymidylate (Table 
3, compare lines 2 and 7); omission of the triphosphates of deoxycytidine, deoxy- 
adenosine, or deoxyguanosine practically eliminated the incorporation of deoxy- 
uridylate. With dIP*PP comparable results were obtained, except that deoxy- 
inosinate was incorporated into DNA specifically in the place of deoxyguanylate 
and at 25 per cent the rate. However, dXP*PP was not incorporated into DNA. 
Under the same conditions in which dGP*PP was incorporated to the extent of 
0.66 mumole, less than 0.02 mumole of dX P*PP was incorporated into an acid- 
insoluble product. The possibility that the chemically synthesized dXTP con- 
tained an inhibitor was ruled out by the observation that dXTP added to the 
normal reaction mixture had no inhibitory effect. 
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Demonstration of Phosphodiester Linkages between Deoxyuridylate and the Other 
Deoxynucleotides in Enzymatically Synthesized DNA.—DNA containing radio- 
active deoxyuridylate was prepared (Table 4), mixed with a 50-fold excess of 


TABLE 4 


DISTRIBUTION OF RADIOACTIVITY IN DEOXYNUCLEOSIDE 3’-PHOs- 
PHATES ISOLATED FROM ENZYMATICALLY SYNTHESIZED DNA 
CONTAINING DEOXYURIDINE 5’-P® 

Isolated 
3’- Deoxynu- A{mount* Radioactivity 

cleotides uMoles) e.p.m. X 10~4) 
Cytidylate 0.17 2.0 
Adenylate 0.25 2.3 
Guanylate 0.22 
Uridylate 2.5 
Thymidylate 0.24 0.0 


, 
, 
‘ 


* The recovery of deoxynucleotides and P*? from the paper electrophoresis 
strip w as 96 per cent. 

‘he incubation mixture for ban! a of deoxyuridylate ne 
DNA included dCTP, dATP, dG 75 mpmoles of each), dUE 75 
myumoles, 3.8 X 10° ¢.p.m./yun aie MgCl. (30 wmoles) A iid 
phate (300 uwmoles, pH 7.4), calf-thymus DNA (300 yug.), enzyme (15 ug. of 
Fraction VII-R), and water to a final vol ume of 4.5ml. After 30 minutes at 
37°, the reaction mixture was c hilled and 2.5 mg. of calf-thymus DNA were 
added as “‘carrier. The DNA was pre -cip pitated by the addition of perchloric 
. id (final concentration, 0.5 N) and the precipitate was dissolved in dilute 

NaOH. The precipitation was repeated several times until the acidic 
supernatant fluid contained less than | per cent of the radionstivity of the 
precipitated DNA. Details of the enzymatic digestion of the DNA and the 
subsequent isolation of the deoxynucleoside 3’-phosphates are in the text. 


TABLE 5 
SPECIFICITY OF DEOXYNUCLEOTIDE KINASE(s) OF E. coli Towarp Vartous DrEOxYNUCLEOTIDES 


P3?- DEOXYNUCLEOTIDE 
INCORPORATED INTO DNA 
With Without 
Kinase Kinase 
CONDITIONS my Moles) mu Moles) 
Control* 0.74 0.74 
Omit TTP 0 04 
Omit TTP, add thymidylate 0.83 
Omit TTP, add 5-bromodeoxyuridy late 0.63 0.01 
Omit TTP, add deoxyuridylate 0.04 
Control 0.49 0.50 
Omit dCTP 0.02 
Omit dCTP, add deoxycytidy late 0.50 
Omit dCTP, add 5-methyldeoxyveytidy late 0.02 
* Incubation mixture containing all four deoxynucleoside triphosphates as described in Table 2, and also 0.25 
umoleof ATP. The phosphorylation of a deoxynucleotide is measured, as in line 3 for thymidylate, by the sequence 
of reactions 


} 


36 we. of E. coli polymerizing ¢ -— me 

Th. kinase(s) Fraction VII- 

Tag reaper, . TTP 

a ATP dAP#PP 

dCTP/dGTP 

The incorporation of dAP*PP is absolutely dependent on the formation of TTP from thymidylate. Phosphoryl- 
ation of the other deoxynucleotides was tested under analogous conditions with the assumption that the corre- 
sponding triphosphate is in each case essential for DN A synthesis (see Table 2 


thymus DNA as “‘carrier,’’ and digested first with micrococcal DNase and then 
-deoxy- 


>” 


with spleen phosphodiesterase. This treatment degrades the DNA to 3 
nucleotides; the P* of dUP®PP should therefore now be bound to the deoxy- 
nucleoside with which it formed phosphodiester linkages.2* The hydrolysis with 
micrococcal DNase was allowed to proceed until 95 per cent of the radioactivity 
was converted to an acid-soluble form. Incubation with spleen phosphodiesterase 
rendered 90 per cent of the radioactivity sensitive to semen phosphomonoesterase. 
At this point, at least 80 per cent of the original DNA product had been converted 
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to deoxynucleoside 3’-phosphates. The preparation was desalted by adsorption 
on Norit and elution with ammoniacal ethanol and then subjected to electrophoresis 
as described by Markham and Smith** (Whatman 3-MM. paper, pH 3.5 in 0.02 M 
ammonium acetate buffer). The bands were eluted and identified by their spectral 
characteristics, and the eluates were assayed for radioactivity. 

It can be seen in Table 4 that all four of the 3’-deoxynucleotide fractions were 
labeled with P®. Thus P* which originally entered the enzymatically synthesized 
DNA as deoxyuridylate had been in phosphodiester linkage with cytosine, adenine, 
guanine, and uracil deoxynucleosides. Since TTP was omitted from the reaction 
mixture, it might be expected that little or no radioactivity would be found in the 
isolated thymidine 3’-phosphate. Deoxyuridylate is not separated from thymi- 
dylate under these conditions of paper electrophoresis, and it was necessary to 
resolve these nucleotides by paper chromatography.'* All the radioactivity was 
found in the deoxyuridylate area and less than 5 per cent was in the thymidylate 
region.” 

Specificity of Deoxynucleotide Kinase(s) of E. coli toward Various Deoxynucleotides. 

The data in Table 5 indicate, in confirmation of an earlier report,”* that, while 
the naturally occurring deoxynucleotides such as thymidylate and deoxycytidylate 
are readily converted to the triphosphate level, the analogue deoxyuridylate is not. 
However, the result showing 5-bromo deoxyuridylate to be a favorable substrate for 
phosphorylation is consistent with interpretations from in vivo studies” that 
bromouracil is incorporated into DNA via a deoxynucleotide intermediate. 

It is of interest to point out that 5-methyl deoxycytidylate is not converted to 
the triphosphate by extracts of FE. coli (Table 5), although when supplied as the 
triphosphate it is incorporated into DNA (Table 2). 


DISCUSSION 


In the Watson and Crick model of DNA," '* two polynucleotide strands are 
coiled about a central axis and are held together by hydrogen bonds through 
specific pairings between thymine and adenine and between guanine and cytosine. 
Our data demonstrate that deoxyuridylate and 5-bromo deoxyuridylate are incor- 
porated into enzymatically synthesized DNA and that they specifically replace 
thymidylate. In a like manner deoxycytidylate may be replaced by the 5-methyl 
or 5-bromo derivatives, and deoxyguanylate may be replaced by deoxyinosinate. 
Substitution of a hydrogen or a bromine atom for a methyl group in the 5-position 
of thymine still maintains the keto grouping in the 6-position and an available H 
in the 1-position for hydrogen-bonding with the 6-amino and 1-N groups, respectively, 
of adenine (Fig. 1). Since the methyl group in thymine plays no assigned role 
in the hydrogen-bonding of thymine to adenine, it is not surprising that the other 
uracil derivatives replace thymine so well in the enzymatic synthesis of DNA. 
The results obtained with the cytosine analogues may be regarded in a similar 
way. Although hypoxanthine lacks the amino group at the 2-position in guanine, 
the other two substituents responsible for the hydrogen-bonding of guanine to 
cytosine remain. It is possible that the substantially lower rate of deoxyinosinate 
incorporation into DNA as compared with deoxyguanylate may be due to the 
absence of the third hydrogen bond with the keto group of cytosine.** At present 
no definitive explanation can be given for the failure of deoxyxanthylate to be 
incorporated into DN A in place of deoxyguanylate. 
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The specific replacement of the purines and pyrimidines of DNA by analogues 
with similar hydrogen-bonding capacities is In agreement with the specific base 
pairing in the Watson and Crick model. However, it would be premature to state 
a priori that a given analogue will be incorporated into DNA simply from a con- 
sideration of its capacity to form specific hydrogen bonds with the bases in DNA. 
The specificity of the enzyme toward a given substrate must be considered, as 
well as the unexplored influence of the DNA primer. For these reasons it is not 
feasible at this time to attribute different rates of incorporation of dUTP, diTP, 
and the natural deoxynucleoside triphosphates to conditions controlled simply by 
hydrogen-bonding characteristics of base pairs. 

It should be emphasized that the results in this paper are only approximations 
to reaction rates and do not provide any indication as to how the analogues support 
extensive net synthesis of DNA. Further studies of the reaction kinetics with the 
analogues are necessary, as are investigations of the primer capacity of the DNA 
containing the analogue. 

Since deoxyuridylate replaces thymidylate so readily in the enzymatic synthesis 
of DNA, it is pertinent to inquire why uracil has never been observed as a component 
of DNA in nature. The answer appears to lie in an observation previously noted** 
and further documented here that there may not be any mechanism for phosphoryl- 
ating deoxyuridylate to the triphosphate form. While high levels of kinase activity 
for the conversion of adenine, guanine, thymine, and cytosine deoxynucleotides to 
the respective triphosphates are evident in extracts of FE. coli, we have not yet been 
able to demonstrate comparable activity toward deoxyuridylate. It is of further 
interest that 5-bromodeoxyuridylate is readily converted to the triphosphate by 
E. coli preparations and is thus consistent with the known capacity of EF. coli 


cells to incorporate 5-bromouracil into its DNA.® 


SUMMARY 


The deoxyribonucleoside triphosphates of analogues of the pyrimidine and 
purine bases were prepared chemically and tested as substrates for the enzyme 
which polymerizes deoxyribonucleotides to deoxyribonucleic acid. 

Uracil and 5-bromouracil were incorporated into deoxyribonucleic acid specifically 
in place of thymine; 5-methyl- and 5-bromocytosine in place of cytosine; and 
hypoxanthine in place of guanine. Xanthine was not incorporated into deoxy- 
ribonucleic acid. Analysis of the uracil-containing product demonstrated that the 
uracil deoxyribotide was bound in 3’-5’ phosphodiester linkage with each of the 
deoxyribotides of adenine, guanine, cytosine, and uracil. 

The specific replacement of the natural bases by these analogues offers additional 


support for the base-pairing relationships in the double helix proposed by Watson 


and Crick for the structure of deoxyribonucleic acid. 

The existence of kinases in E. cold which phosphorylate 5-bromodeoxyuridylate to 
the triphosphate and the apparent absence of such kinases for the phosphorylation 
of deoxyuridylate are in keeping with the fact that cells incorporate 5-bromouracil, 
but not uracil, into DNA. 


We are indebted to Dr. Roy Markham who while visiting our laboratory was 


very helpful in several aspects of this work. 
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ENZYMATIC SYNTHESIS OF DEOXYRIBONUCLEIC ACID IV. LINKAGE 
OF SINGLE DEOXYNUCLEOTIDES TO THE DEOXYNUCLEOSIDE ENDS 
OF DEOXYRIBONUCLEIC ACID 


By Junius ApuerR,* I. R. Leaman, Maurice J. Bessman,t E. S. Stums, AND 
ARTHUR KORNBERG 


DEPARTMENT OF MICROBIOLOGY, WASHINGTON UNIVERSITY SCHOOL OF MEDICINE, 
ST. LOUIS, MISSOURI 


Communicated May 26, 1958 


Although the synthesis of DNA! by an enzyme purified from Escherichia coli 
requires four deoxynucleoside triphosphates (dAPPP, dCPPP, dGPPP, TPPP) in 
addition to Mg++ and DNA,?: * nevertheless a single deoxynucleoside triphosphate 
can be incorporated into DNA to an extent about one-thousandth of that for the 
complete reaction.?- The number of the single deoxynucleotides incorporated is 
of the same order as an approximation of the number of DNA chains added to the 
reaction mixture. 

It was the purpose of this investigation to determine whether the single deoxy- 
nucleotide, incorporated in the absence of the other three deoxynucleotide substrates, 
was covalently linked to the DNA and, if so, where in the DNA chain. It was 
also of interest to establish whether only one or several deoxynucleotides were 
added to a DNA chain. The results show that the single deoxynucleoside tri- 
phosphate reacts with the deoxynucleoside end of a DNA chain to form a typical 
3’,5’-phosphodiester linkage and that only one or a few nucleotides are added to a 
chain. 


METHODS AND MATERIALS 


Materials.—Uniformly labeled C'*-5'-deoxycytidylate was obtained by enzymatic 
hydrolysis of DNA from a Chromatium species grown on C!*Os as the sole carbon 
source. Deoxyribonucleoside triphosphates were prepared as described previously.” 
Micrococcal DNase* was generously supplied by Dr. L. Cunningham. Bull semen 
5’-nucleotidase® and purified human semen phosphomonoesterase were kindly 
provided by Dr. L. A. Heppel. Calf spleen phosphodiesterase was prepared ac- 
cording to Hilmoe and Heppel.* Venom phosphodiesterase was prepared from the 
venom of Crotalus adamanteus according to Koerner and Sinsheimer? and was free 
of phosphomonoesterase. The DNA-synthesizing enzyme used in these studies 
(Fraction VIT) was purified about 2,000-fold.*. Calf thymus DNA was prepared 
according to Kay, Simmons, and Dounce.‘ 

Preparation of DNA products.—Four products were prepared from dAP*PP, 
dCP“?PP, TP®PP, or C'dCPPP, essentially as described previously,’ except that 


the concentration of DNA was raised 25-fold in order to obtain greater amounts of 


incorporation. The reaction mixtures contained (per ml.) 6.0 mumoles of a 


deoxynucleoside triphosphate; 6.7 wmoles of magnesium chloride; 67 umoles of 
potassium phosphate buffer at pH 7.5; 800 ug. of calf thymus DNA; and 20 ug. of 
Fraction VII enzyme. The volume of these reaction mixtures ranged from 18 to 
36 ml. Incubations were carried out at 37° for 2.5 hours (for dAP®@PP, dCP®PP, 
and TP*PP) or for | hour (for C“dCPPP). 
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The reactions were stopped and the products freed of unreacted deoxynucleoside 
triphosphate in one of two ways: (1) acidification with an equal volume of cold 1 NV 
perchloric acid, then alternate solubilization of the precipitated product in 0.1 NV 
NaOH and precipitation in 0.5 N perchloric acid (when enzyme had been omitted, 
no radioactivity could be detected in this repeatedly precipitated product); (2) 
addition of sodium chloride to a final concentration of 0.2 MW and heating at 70° for 
10 minutes,* then repeated dialysis against 0.2 M sodium chloride. The radio- 
activity in this dialyzed product was then entirely precipitable by perchloric acid. 


RESULTS 

Extent and Kinetics of Reaction—In the four DNA products prepared, the in- 
corporation of dAP**, dCP*®, TP*, and C“dCP was 0.25, 0.13, 0.32, and 0.34 
mumoles, respectively, per milliliter of reaction mixture. For an assumed molecular 
weight of 5 X 10° for thymus DNA, these amounts correspond to an incorporation 
of 0.5 to 1 mole of deoxynucleotide per mole of DNA. Several factors add un- 
certainty to this approximation: the polydispersity of DNA, lack of information 
about the size and number of competent DNA molecules, and the hydrolysis of DNA 
to smaller molecules during the incubation. 


TABLE 1* 
ULTRACENTRIFUGAL ANALYSIS OF PRopUCT 
Fraction Remaining Sedimentation 
Basis for in Top Compartment Coefficient 
Calculation (Per Cent) 
Schlieren boundary 

‘Optical density at 260 mu 48 
Radioactivity 48 
Schlieren boundary Y 
{Optical density at 260 mu 50 
Radioactivity 52 
3t Optical density at 260 my 10 
Radioactivity 13 


mh Nbhobh who te 7 
er Crsds now 


Pe ee ee 


* In these experiments the product used was from a reaction with TP**PP as the only deoxynucleoside tri- 
phosphate. The sedimentation coefficients were measured at a relatively high concentration (optical density 
at 260 my = 7.0) in order to achieve significant measurements of radioactivity. When the same product was 
run at a tenfold dilution, the sedimentation coefficient was 21 S. 

t+ In experiment 3 the product had been heated at 100° for 10 minutes. As a result of the heating, the 
schlieren boundaries were too diffuse to serve as a basis for calculation of a sedimentation coefficient. 


A study of the time course of the reaction between DNA and a single deoxy- 
nucleoside triphosphate showed an initial rapid rate of incorporation followed by a 
slower rate. In a typical experiment with dCP*PP as the only deoxynucleoside 
triphosphate, the incorporation into DNA at 30, 60, and 120 minutes was 4.0, 
5.0, and 7.0 uumoles, respectively. This slow rate of incorporation after the initial 
rapid reaction could be explained by the production of new, reactive DNA ends. 
Such degradation of the DNA, catalyzed by a contaminating nuclease, is indicated 
by a small decrease in viscosity during the preparation of the products. Another 
contaminating nuclease has the property ascribed to snake venom phosphodiesterase 
(see below) of removing deoxynucleotides from the deoxynucleoside ends of DNA 
chains. 

Ultracentrifugal Analysis of the Product Showing the Incorporation of Deoxy- 
nucleotides into Molecules the Size of DNA.—In order to determine whether the 
incorporated radioactive deoxynucleotide possesses the same sedimentation rate as 
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the average DNA molecule, a product was examined in a fixed partition separation 
cell’ in the ultracentrifuge. Centrifugation was stopped after about half of the DNA 
had sedimented out of the top compartment of the separation cell, as determined by 
the schlieren optical system. Then the fractions of the optical density and radio- 
activity remaining in the upper compartment of the cell were measured, and sedi- 
mentation coefficients were calculated from these data and from the schlieren 
boundaries. '° 

As shown in Table 1, the sedimentation coefficients determined from the three 
measurements agree. Even after the products had been heated at 100° for 10 
minutes, to try to break down the structure of the macromolecules,'! the radio- 
activity still sedimented at the same rate as the DNA. These data suggest that 
the radioactive deoxynucleotide had formed covalent linkages, rather than much 
weaker secondary bonds, to molecules of the same average size as DNA. 

Hydrolysis of Products to 3'-Deoxynucleotides Demonstrating 3’ ,5'-Phosphodi- 
ester Linkages between the Incorporated Deoxynucleotides and Deoxynucleoside Ends of 
DNA Chains.—To determine whether the incorporated P*? deoxynucleotide is 
bound to DNA by a phosphodiester linkage, a method of hydrolysis was sought 
which would leave the P*®? with the adjacent deoxynucleotide (Fig. 1). For RNA 
such a result has been accomplished by hydrolysis 
to 2’- and 3’-ribonucleotides with alkali’? '* For 
DNA no such reagent was available until the re- 
cent discovery and purification of a DNase from 
Micrococcus pyogenes* and a phosphodiesterase 
from calf spleen. The successive action of these 
two enzymes has now resulted in nearly complete 
hydrolysis of DNA to 3’-deoxynucleotides. Koer- 
ner and Sinsheimer have obtained a similar result 





by combining spleen DNase and spleen phospho- 
diesterase.7 

In the present experiments the progress of hy- 
drolysis was followed by measuring phosphate re- 





leased by human semen phosphomonoesterase. 
Micrococeal DNase in 0.01 MW CaCl. and 0.1 
tris(hydroxymethyl)aminomethane at pH 8.5 hy- 





drolyzed the products to acid-soluble fragments 


containing 55-65 per cent of their total phosphate Fic. 1.—Hydrolysis of product to 
3’-deoxynucleotides by the com- 


in the monoester form. Spleen phosphodiesterase — 
bined action of micrococeal DNase 
«“ 


then added to the digest (adjusted to pH 7.0 with 
HCl) converted 86-94 per cent of the total phos- 
phate to the monoester level. No inorganic phos- 
phate (<2 per cent of the total phosphate) could be detected at the end of the di- 
gestion. The resulting 3’-mononucleotides, separated by chromatography, were 


and spleen phosphodiesterase. P = 
ps2 


sensitive to semen phosphomonoesterase but were entirely resistant to 5’-nucleo- 
tidase under conditions where 5’-deoxynucleotides were completely hydrolyzed. 
When products prepared from dCP#PP, dAP*?PP, or TP®PP as the only 
deoxynucleoside triphosphate were hydrolyzed in this manner, each of the four 
3’-deoxynucleotides of thymus DNA was found to be radioactive (experiments 
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1-3, Table 2). This result shows that the single deoxynucleoside triphosphates 
had formed 3’,5'-phosphodiester linkages (Fig. 1) to each of the four deoxynucleo- 
tides of thymus DNA. 

When a product prepared from C'dCPPP as the only deoxynucleoside tri- 


phosphate was hydrolyzed to 3’-deoxynucleotides, two-thirds of the recovered 
radioactivity appeared in deoxycytidine and one-third in 3’-deoxycytidylate 
(experiment 4, Table 2). Since deoxynucleosides formed in this hydrolysis could 
arise only from terminal deoxynucleotides of DNA (Fig. 1), two-thirds of the 
C'dCPPP must have been located at the deoxynucleoside ends of DNA chains. 
The remaining one-third probably had also reacted with ends of chains but was 


TABLE 2 
HyprRo.ysis oF Propucts To 3’-DEOXYNUCLEOTIDES 


Substrate for Per Cent of 
Preparation Products of Recovered 
of Product Hydrolysis Radioactivity t 
{3’-Deoxyadenylate 18 
)3'-Deoxycytidylate 34 
dCP#PP 3’-Deoxyguanylate 
3’-Thymidylate 
3’-Deoxyadenylate 
}3’-Deoxycytidylate 
dAP#PP 3’-Deoxygunay late 
3’-Thymidylate 
3’-Deoxyadeny late 
)3’-Deoxycytidylate 
TP#PP 3'-Deoxyguanylate 
3’-Thymidylate 
C%dCPPP { Deoxycytidine 67 
3'-Deoxycytidylate 33 
*InE xperiments 1, 3, and 4, respectively, specific activities at the time of chromatog- 
raphy were 5.4 X 107, 7.5 > x 107, 5.4 X 106, and 1.4 X 107% c¢.p.m. per umole. 


In Experiment 3 ine hydrolysate was desalted by adsorption on Norit and eluted with 
ammoniacal ethanol, and then the products of hydrolysis were separated by paper electro- 
phoresis (Markham and Smith, Biochem. J., 52, 552, 1952). In Experiments 1, 2, and 4 the 
hydrolysate - chromatographed on Dowex 1 formate columns (C unningham, Catlin, and 
De Garilhe, J. Am. Chem. Soc., 78, 4642, 1956; and Sinsheimer, J. Biol. Chem. , 208, 445, 
1954). sass cytidine was dete rmined as counts not held by a Dowex 1 formate or a Dowex 
| chloride column at pH 10. This radioactivity not held by the column contained less than 
0.5 per cent of the total optical density of the 3’-deoxycytidylate and therefore could not 
represent 3’-deoxycytidylate unadsorbed due to overloading of the column. 

On the basis of hy optical density at 260 my, the total amounts of 3’-deoxyadenylate, 3’- 
deoxycytidylate, 3’-deoxyguanylate, and 3’-thymidylate recovered in experiment 1 were 30.6, 
22.1, 22.9, and 30. 6 umoles, respectively. This represents 96 per cent of the optical density 


at 260 my added to the column. 
+ The recoveries of radioactivity after chromatography or electrophoresis were 83, 93, 78 


and 83 per cent in experiments 1, 2, 3, and 4, respectively. 


followed by another C'*-deoxycytidylate to produce terminal “runs” of C!*- 
deoxycytidylate. This possibility is supported by the disproportionately high 
radioactivity found in 3’-P**-deoxyeytidylate in experiment 1 of Table 2. Also 
in products prepared from dAP*PP or TP®PP, “runs” of the incorporated deoxy- 
nucleotide are indicated similarly by experiments 2 and 3 of Table 2. It cannot 
be decided from these data whether these “runs”’ occur frequently and are very 
short or whether they occur rarely and are long. 

Kinetics of Hydrolysis of Products to 5'-Deoxynucleotides Demonstrating the 
Location of Incorporated Deoxynucleotides at the Deoxynucleoside Ends of DNA 
Chains.—To confirm that the incorporated radioactive deoxynucleotides are 
located at the deoxynucleoside ends of DNA chains, a reagent was sought which 
would hydrolyze the products stepwise from the deoxynucleoside ends so as to 
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release all the radioactivity at a time when few of the total deoxynucleotides had 
been released. Laskowski et al.'4 and Boman” have suggested that snake venom 
phosphodiesterase attacks DNA stepwise from one end. Recently, Khorana et 
al."6 have shown that this phosphodiesterase hydrolyzes synthetic thymidine oli- 
gonucleotides stepwise from the deoxynucleoside end, and with thymidine oligo- 
nucleotides bearing a 3’-acetyl group at the deoxynucleoside end the first product to 
appear was the 3’-acetyl derivative of 5’-thymidylate. Singer, Hilmoe, and Heppel”’ 
have obtained a similar result with oligoribonucleotides. 

When the products were treated with venom phosphodiesterase, nearly all 
(>90 per cent) of the radioactiv- 
ity was liberated as acid-soluble 
deoxynucleotides at a time when 
less than 3 per cent of the de- 


100-7 


cn 


oxynucleotides had been released, ; t % 
Radioactivity 


Li be 
judged by the appearance of acid- 
soluble ultraviolet absorbing ma- 
terial (Fig. 2). Sucha result was 
obtained for products prepared 
from GAP@FP, TP "FP, of 
C'dCPPP. This finding _ pro- 
vides independent evidence that 
the radioactivity in these prod- 
ucts is located at or near the de- x 

oxynucleoside DNA 60 120 

It may be inferred from ; 

kinetic : that the Time in Minutes 
phosphodiesterase does not re- 
main attached to a DNA mole- 


Per Cent of Total 


Optical Density 











ends’ of 


T 
180 


chains. 
these studies 

Fic. 2.—Action of venom phosphodiesterase on 
product. The product used in this experiment was 
from a reaction with C'*dCPPP as the only deoxy- 


cule, degrading it sequentially to 
completion, but that, 
other DNA molecules compete 
favorably with the polydeoxy- 
nucleotide product of the enzyme 


instead, 


action. 


DISCUSSION 


nucleoside triphosphate. The reaction mixture con- 
tained 3 mg. of product, 2 units’ of snake venom phos- 
phodiesterase, 50 uwmoles of MgCl., and 200 umoles of 
tris(hydroxymethy]l)aminomethane at pH 8.5 in 5.0 ml. 
At the times indicated, 0.5-ml. aliquots were removed, 
0.25 mg. of DNA was added as carrier, and the reac- 
tions were stopped by the addition of 0.5 ml. of 1 N cold 
perchloric acid. Radioactivity and optical density at 
260 my were measured in the supernatant fractions. 
At 200 minutes, 50 more units of diesterase were added, 
which resulted in total release of both radioactivity and 


optical density in less than 3.5 hours. 

In these experiments a reaction 
has been observed in which a DNA molecule (containing about 20,000 deoxy- 
nucleotides) adds at its deoxynucleoside end one or a very few molecules of a 
single deoxynucleoside triphosphate to form a 3’,5'-phosphodiester bond (Fig. 1). 
Several alternative mechanisms appear to have been eliminated. 

1. A non-covalent binding of the deoxynucleoside triphosphate to the DNA is 
excluded by the demonstrated phosphodiester linkage between the incorporated 
deoxynucleotide and the three other deoxynucleotides of DNA. 

2. Pyrophosphorolysis of the added DNA to supply the missing three deoxy- 
nucleoside triphosphates, followed by de novo synthesis of DNA chains, seemed 
from the start an unlikely hypothesis for explaining the reaction between DNA and 
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a single deoxynucleoside triphosphate, because levels of inorganic pyrophosphate 
100 times greater than those formed in the reaction are necessary to produce 
significant pyrophosphorolysis.* This possibility was eliminated by the finding 
that the incorporated deoxynucleotide is located exclusively at or near the ends of 
DNA chains. 

3. De novo formation of chains containing exclusively the single deoxynucleo- 
tide is eliminated by the demonstrated phosphodiester linkage between the single 
deoxynucleoside triphosphate and each of the three other deoxynucleotides of 
thymus DNA. 

4. Reaction of the single P**-deoxynucleoside triphosphate with the non- 
nucleoside end of the DNA chain'S would not have resulted in the appearance of 
P* in the three other deoxynucleotides of DNA when the product was hydrolyzed 


to 3’-deoxynucleotides. 

The basis of a sensitive tool for analyzing the number and kinds of end-groups of 
a homogeneous DNA could be furnished by reacting such a DNA sample with a 
single deoxynucleoside triphosphate and then hydrolyzing the product to 3’- 
deoxynucleotides. Since nucleases which contaminate the purified enzyme could 


produce new ends or remove deoxynucleotides added in the reaction, extension of 
these studies in this direction must await further purification of the enzyme. 

What is the pertinence of this reaction between DNA and a single deoxynucleo- 
side triphosphate to the extensive DNA synthesis observed when all four deoxy- 
nucleoside triphosphates are present? It appears likely that it is the same highly 
purified EF. coli enzyme which is responsible for both reactions. One possibility 
is that the reaction between DNA and a single deoxynucleoside triphosphate may 
actually be the first step in the over-all process of enzymatic replication of the DNA 
primer; then the terminal replicating chain, formed when four deoxynucleoside 
triphosphates are present, would loop back, in order to orient itself along the primer 
chain. It is conceivable that such loops could be produced by the rotation of a 
very few deoxynucleotide units and could be dissipated at a later time by nuclease 
action. Another possibility is that the reaction between DNA and a single deoxy- 
nucleoside triphosphate is merely part of the extension of the shorter of two un- 
equally long chains of a DNA double helix and is not directly related to the replica- 
tion of intact DNA molecules. In this event replication of DNA would not involve 
a covalent binding between the primer and the replicating chain; instead, the 
deoxynucleoside triphosphates would first form hydrogen bonds to corresponding 
deoxynucleotides of the primer chain and would then polymerize. It is evident 
that more must be learned about the chemistry of the DNA primer itself as well as 
about these enzymatic reactions before these questions of mechanism can be 


answered. 


SUMMARY 


1. The reaction between deoxyribonucleic acid (DNA) and a single radioactive 
deoxynucleoside triphosphate resulted in a product whose radioactivity sediments 
at the same rate as the average DNA molecules; this finding indicates that the 
deoxynucleotide had become incorporated into molecules which have the same 
size as DNA. 

2. Hydrolysis of the product to 3’-deoxynucleotides demonstrated the formation 
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of 3’,5’-phosphodiester linkages between the deoxynucleoside end of a DNA chain 
and the added deoxynucleotide. These studies further showed that only one or a 
very few molecules of the single deoxynucleoside triphosphate reacted with the end 


of each chain. 

3. The kinetics of hydrolysis of the product by snake venom phosphodiesterase, 
involving a sequential liberation of deoxynucleotides from the deoxynucleoside end 
of DNA chains, provided independent evidence that the deoxynucleoside triphos- 
phate reacted with the deoxynucleoside end of a DNA chain. 
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VITAMIN A DEFICIENCY AND NIGHT BLINDNESS 
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Communicated May 16, 1958 


One of the oldest diseases known to man is nutritional night blindness. Its 
descriptions go back to the ancient Egyptian medical papyri and are already ac- 
companied by the correct prescription for its cure, the eating of liver. Toward the 
end of World War I the factor in liver which cures night blindness was identified 
with the then newly discovered vitamin A.! 

Vitamin A is the precursor in the retina of the visual pigments of the rods and 
cones.2 It seems reasonable to suppose that on a diet deficient in this factor the 
retina eventually synthesizes subnormal amounts of visual pigment, with the 
corresponding decline of visual sensitivity that constitutes night blindness. 

Some of the first studies of experimental human night blindness seemed to 
reveal such a simple and direct relationship.* In two subjects deprived of vitamin 
A, the visual thresholds of both rods and cones began at once to rise, until a mild 
night blindness had been established. On oral administration of vitamin A or 
carotene, the thresholds of both rod and cone vision returned to normal within 
2-3 hours. 

It looked for a time, therefore, as though this might be an exemplary instance of 
the origin and cure of a biochemical disease, all elements of which were well under- 
stood. Further studies, however, exposed two major discrepancies: (1) Though in 
some subjects placed on a vitamin A-deficient diet the visual threshold began at 
once to rise, in a larger number it remained unchanged for periods ranging from 
several months’ to, in one instance, 2 years.® (2) Among the subjects who developed 
night blindness, some were completely cured within a few hours after receiving 
vitamin A, whereas others, though showing some immediate improvement, took 
months of vitamin A supplementation to return to normal.’ 

One might take a simple position with regard to the first of these discrepancies. 
The amounts of vitamin A stored in the livers of healthy human subjects are known 
to vary enormously.* In Britain, for example, Moore® found reserves in adults 
during 1941-44 ranging from about 7 to 750 ug/gm. If we take 1,500 gm. as the 
average weight of the adult liver and about 300 ug. (about 1,000 I.U.) as the daily 


drain upon stored vitamin A, the average Briton stores enough vitamin A in his 


liver—if used economically—to tide him over some 500 days of total deprival. An 
unusually well-supplied Briton—if we can disregard spoilage—might survive seven 
times as long, or almost 10 years! On the other hand, the most poorly supplied 
members of this group might have run through their stored vitamin A within 1-2 
weeks. It is not difficult to understand, therefore, why most subjects taken from 
ordinary American or British environments fail to respond to vitamin A-deficient 
diets within months or even years. It is less clear why a fairly large proportion of 
them responded within a few days, even though in some instances highly supple- 
mented with vitamin A for the preceding period.* 

The second discrepancy—the great variability in the times required to cure night 
blindness—raises other issues. The visual pigments are composed of vitamin A 
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aldehyde (retinene) joined to specific proteins of the rods and cones called ‘“‘opsins.” 
The amounts of visual pigment that can be formed in the normal retina are limited, 
not by vitamin A, which is ordinarily present in excess, but by opsin. In thinking 
about night blindness, we have tended in the past to be too much preoccupied with 
vitamin A and have paid too little attention to the opsins.? 

When one does cousider the opsins, this at once suggests further relationships. 
The outer segment of a rod—and this must be true also of many cones—is com- 
posed in considerable part of visual pigment, that is, of opsin, since the retinene 
chromophore constitutes only about 1 per cent of these molecules. Opsin accounts 
for about 40 per cent of the dry weight of the outer segment of a frog rod and 14 
per cent of that of a cattle rod.* It is an important structural constituent of the 
rods and probably of the cones; and any loss of this protein might be equivalent to 
the structural deterioration of the visual receptors. 

Tansley® showed some years ago that in vitamin A-deficient rats and dogs, 
somewhat later than the decline in rhodopsin production that should have initiated 
night blindness, the outer segments of the rods deteriorated structurally. Johnson'® 
confirmed and extended these observations in the rat; and recently similar changes 
have been observed in both rods and cones of the monkey.''! According to Johnson, 
after 7-13 weeks of vitamin A deprivation in young rats, many outer segments have 
disappeared, and those that remain stain abnormally. As the deficiency pro- 
gresses, the inner segments of the rods also degenerate, and then successively the 
external limiting membrane, the outer nuclear layer, and the inner nuclear layer. 
These changes occur sooner in central than in peripheral areas of the retina. The 
outer segments of rods which have deteriorated only slightly seem to repair con- 
siderably within 24 hours of feeding vitamin A. Even rods which have degenerated 
completely seem to be replaced within 10-18 weeks of vitamin A supplementation. 

These observations suggest that the time required to cure night blindness may 
depend on the extent to which vitamin A deficiency has altered the retinal structure. 
Simple lack of vitamin A, through lowering the concentrations of visual pigments, 
might induce a night blindness that is cured as rapidly as vitamin A re-enters the 
retina; but the structural deterioration of the retina, heralded perhaps by the loss 
of opsin, might take much longer to repair. 

For these reasons it seemed worthwhile to map the entire course of vitamin A 
deficiency and its cure in the rat. In single groups of animals we have measured 
simultaneously the vitamin A in the liver and blood, the retinal content of rhodop- 
sin and opsin, the electroretinographic threshold, and the ERG’s obtained over a 
wide range of light intensities. In key instances we have also examined the retinal 
histology. 

Not all these things were done for the first time. We have already discussed the 
histological studies of Tansley and Johnson and should mention particularly also 
Tansley’s fine study of rhodopsin synthesis in normal and vitamin A-deficient rats" 
and the measurements of liver, blood, and retinal vitamin A in normal and deficient 
rats by Lewis, Bodansky, Falk, and McGuire." 

Plan of the Experiments.—A number of experiments were performed, all of which 


yielded substantially the same pattern of results. We shall describe primarily the 


last such experiment, because it brings together all the procedures and represents 
most completely and typically all our observations. 
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Male albino rats of the highly inbred Harvard colony, 22—24 days old and 
weighing 36-66 gm., were divided into two groups, one kept on the complete labora- 
tory ration, the other placed on the standard USP vitamin A test diet. The animals 
on the deficient diet continued to gain weight for about 5 weeks, though more 
slowly than normal. At this time they weighed an average of 112 gm. as compared 
with the control weight of 215 gm. but were altogether normal in appearance. In 
the fifth to seventh weeks their weights plateaued and thereafter declined rapidly. 
At the same time—in the seventh and eighth weeks— the classic overt signs of 
vitamin A deficiency appeared, and by the end of the eighth week all the animals not 
sacrificed in the experiments had died. 

For electroretinography, animals that had been dark-adapted overnight were 
anesthetized with nembutal. The eye was held open with threads drawn through 
the lids. Cotton-wick electrodes were used, moistened with Ringer solution, one 
touching the side of the cornea, the other a shaved area on the cheek. The response 
was recorded with a capacity-coupled Grass P4 preamplifier and a Dumont oscillo- 
scope with camera attachment. The stimuli were !/so-second flashes of white 
light, the intensity of which was controlled with neutral filters and photographic 
wedges. The absolute threshold was measured by starting with the light well 
below threshold and flashing it every few seconds at gradually increasing intensities 
until a response could be detected on the oscilloscope. This procedure was repeated 
until constant readings were obtained. Then the ERG was recorded over a wide 


range of intensities. 
After dark-adapting overnight, the same animals were used next morning for the 


biochemical measurements. They were again anesthetized, the body cavity was 
opened, and 5-10 ml. of blood were taken from the heart with an oxalated syringe. 
The entire liver was removed and also both eyes. One eye of each animal was used 
to measure rhodopsin, the other to measure opsin; but, since each of these determi- 
nations requires 2 retinas, animals were paired, usually on the basis of having yielded 
comparable electroretinograms. 

To determine blood vitamin A, the oxalated blood from one animal was centri- 
fuged, and the clear plasma was mixed with an equal volume of ethyl aleohol and 
extracted three times with petroleum ether. This extract was transferred to 0.3 
ml. of chloroform, and a micro-antimony chloride test was performed by mixing 
0.25 ml. of the extract with 0.50 ml. of antimony chloride reagent, recording the 
absorption spectrum at once in a Cary recording spectrophotometer. 

The livers, weighing 4-12 gm., were ground with anhydrous sodium sulfate to a 
fine powder and extracted by shaking with diethyl ether. An aliquot of this 
extract was transferred to chloroform, and its vitamin A content determined by the 
antimony chloride procedure. 

To measure rhodopsin, two retinas were hardened in 4 per cent alum solution for 
15-20 minutes, then washed with distilled water and buffer, and extracted overnight 
with 0.2 ml. of 2 per cent digitonin solution. After centrifuging, 0.01 ml. of 1 M 
hydroxylamine was added to the extract, and the absorption spectra recorded 
before and after bleaching. The change in extinction at 500 my measured rhodop- 
sin. 

Opsin was determined by measuring the capacity of retinas to regenerate rhodop- 
sin when incubated with neo-b (11-czs) retinene.'t We found that rat rhodopsin 
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in digitonin solution regenerates very little when bleached and ineubated with 
neo-b retinene. For this reason whole retinas were exposed to bright light until 
wholly bleached. Then a large excess of neo-b retinene, dissolved in 0.025 ml. 
acetone, was added to the retinas suspended in buffer solution, the mixture was 
stirred periodically during 4-6 hours at room temperature and then left at 5° C. 
overnight. The rhodopsin which had formed was extracted and measured as 
described above. Control measurements showed that 70-80 per cent of rhodopsin 
originally present in a retina was regenerated and recovered by this procedure. 
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Fic. 1.—Biochemical changes in a group of white rats on a vitamin A-deficient diet. 
The animals were 22-24 days old when the diet was begun. The liver vitamin A began to 
fall at once and within 3 weeks had reached low values. Then within a week the blood 
level fell from normal to zero. With this, the rhodopsin content of the retina declined, 
marking tie onset of night blindness. Later the opsin also declined, marking the begin- 
ning of the histological deterioration of the retina. 


Vitamin A of Liver and Blood; Rhodopsin and Opsin.—Figure 1 shows in one 
group of animals the effects of the deficient diet on the vitamin A content of the 
liver, the vitamin A concentration in the blood, and the rhodopsin and opsin of the 
retina. The values are expressed as percentages of normal. For the liver this 
means the percentage remaining of the vitamin A present in control animals at 
the time the diet was begun. The blood vitamin A, rhodopsin, and opsin are 
expressed as percentages of the values found in control animals of the same age. 

The liver vitamin A begins to fall as soon as the diet is begun and within 3 weeks 
has reached a very low value. This depletion proceeded at the average rate of 
2-2.5 ug. daily, the withdrawal! rate for animals of this age and weight. Mean- 
while, the control animals on the complete diet increased their liver stores at an 
average rate of 45 ug. daily. It is this that makes the age at which the diet is 
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begun decisive for the course of the deficiency. Our control animals when 53 days 
old had livers weighing, on the average, 16 gm. and containing 1,360 ug. vitamin A; 
withdrawn at a daily rate of even 5 ug., this might have tided them over 9 months 


of a deficient diet. 
The blood maintains its normal concentration of vitamin A (10.4 ug. per cent in 
the deprived animals, 11.2 ug. per cent in the controls) until the liver has been 
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Fig. 2.—Effects of vitamin A deficiency on the electroretinogram (ERG). 
The top three lines show the number of weeks on the deficfent diet, the rhodopsin 
content of the retinas as percentages of normal; and the logarithm of the lumi- 
nance of light needed to evoke a just perceptible ERG, the average threshold 
of normal animals being set arbitrarily at 1 (log threshold = 0). ERG’s are 
shown in response to a range of luminances of 5 log units, i.e., 1 to 100,000. 
Below each ERG, a marker shows the '/s-second flash. The small rectangles 
at the bottom show a trace of the 60-cycle A.C. to indicate the time scale, and 
weekly calibrations of the oscillographic response to a pulse of 200 microvolts. 
The first two vertical rows of ERG’s show responses from a rat about to begin 
the diet and those from another after 4 weeks, when the vision is still normal. 
Thereafter, records are shown from a pair of animals each week. As the rhodop- 
sin declines, the ERG threshold rises (night blindness), and the ERG displays 
characteristic changes: (a) the b-wave at each level of luminance declines; (6) 
the a-wave declines still more rapidly; and (c) an inflection on the downward 
sweep of the b-wave is delayed longer and longer until it appears as a separate 
positive wave. 


emptied. Then in the space of a few days the blood vitamin A falls precipitately 
to zero. 

Up to this time the rhodopsin content of the retina remains normal. The extract 
of two retinas in 0.21-ml. solution possesses an extinction at 500 mu of 0.280, 
corresponding to a rhodopsin content of 7.24 K 10~* wmoles per retina. This is 
equivalent to a vitamin A content of 0.21 ug. per retina. (Lewis et al.'* found 
only one-fifth to one-third as much vitamin A in the rat retina; the description 
of their preparative procedure suggests that it may have involved large losses of 
rod outer segments. ) 
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Now the rhodopsin also begins to fall and within 3 weeks has reached very low 
values. As we shall see, this marks the beginning of night blindness. 

There is a curious interval of 2-3 weeks in which, though the rhodopsin content 
has declined, the opsin level is still normal. That is, with the liver and blood emp- 
tied of vitamin A, the retina contains opsin which can find no vitamin A with which 
to combine. 

Then the opsin level, too, begins to fall, and this marks the beginning of the 
structural deterioration of the retina (see below). At this time also—the seventh 
and eight weeks of the diet—the classic signs of vitamin A deficiency appear. 
(In another of our experiments it took 10-11 weeks to reach this stage.) The 





Fig. 3.—Form of the ERG. Both the a- and b-waves are two- 
cusped. This feature appears also in the human ERG, where 
the shorter-latency component in each wave is believed due to 
cone responses, the longer-latency component to rods. The 
strong inflection evident on the downward sweep of the b-wave 
is delayed longer and longer as night blindness develops. Below 
the ERG, a marker shows the '/j-second stimulating flash. 


animals lose weight rapidly; and by the end of the eighth week all not already 
used in the experiments have died.!° 


Physiological Changes.—For the first 4 weeks on the diet, the animals appear to 
be physiologically normal. During this time, first the liver and then the blood is 
depleted of vitamin A. In the fifth week, as the rhodopsin level begins to fall, 
the visual threshold rises, marking the beginning of night blindness. 


Figure 2 shows electroretinograms recorded in pairs of experimental animals. 
At the top of the figure are shown the number of weeks on the diet, and below this 
the average rhodopsin content of the retinas as percentages of the normal value. 
Below this is the logarithm of the threshold for a just perceptible retinogram; the 
normal threshold has been set arbitrarily at 1 (log threshold = 0), so that these 
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numbers represent the rise in log threshold over the normal value. The rat’s 
eyes were exposed to '/s9-second flashes at the log luminances shown on an arbitrary 
scale at the left. The figure shows a series of ERG’s at various luminances for 
each of two rats each week. Since no changes occur in the first 4 weeks, the first 
pair of records involves one rat just about to begin the diet and another rat that had 
been 4 weeks on the diet. 

At the end of the fourth week the ERG is entirely normal. In the fifth week, the 
rhodopsin level falls to 74 per cent, and the visual threshold rises 1.15 log unit, or 
about 14 times. In the succeeding weeks, as the rhodopsin level continues to 
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Fic. 4.—Development of night blindness with time on the vitamin A~deficient diet. 
Each point shows the logarithm of the ERG threshold of a single animal, the normal 
threshold being set arbitrarily at 1 (log threshold = 0). The log threshold rises linearly 
with time on the diet, following a more rapid initial rise. 


decline, the threshold rises until, at the end of the eighth week, the rhodopsin is at 
16 per cent, and the visual threshold has risen about 680 times. 

Simultaneously, the ERG undergoes characteristic changes: (1) At all luminances 
but particularly at the lower ones, the height of the positive b-wave declines as the 
deficiency progresses. So, for example, at log luminance 3.0 the b-wave, nearly 
maximal at the end of the fourth week, has sunk to the just perceptible threshold 
level by the end of the eighth week. (2) The negative a-wave declines in amplitude 
still more rapidly. It is initially nearly as large as the b-wave at log luminance 5; 
but by the end of the eighth week it can hardly be elicited at all, even at this highest 
luminance. (3) A small positive inflection, which appears initially only as a 
hump on the downward sweep of the b-wave, is delayed longer and longer as the 
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deficiency progresses, until finally it has become a well-separated second positive 
wave, particularly evident at the higher luminances. The source of this delayed 
positive wave has not yet been identified. The possibility that it is an off-effect 
is not supported by our tests. 

It may be noted in passing that some of the ERG’s show clearly that both the 
a- and the b-waves are two-cusped. This is particularly evident in such records 
as those of the sixth week at log luminance 5. One of this pair of ERG’s has been 
enlarged in Figure 3. Such two-cusped a- and b-waves have come to be associ- 
ated in the human retinogram with the responses of cones and rods, the shorter 
latency component in each wave presumably representing the cone response. '® 
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Fic. 5.—Rise of the ERG threshold with decline in rhodopsin content in the 
retinas of vitamin A-deficient rats. The normal log threshold is set at 0. 
Rhodopsin is expressed as the percentage of that found in control animals of the 
same age. Over most of its course the log threshold rises linearly as rhodop- 
sin falls, following a disproportionately large rise of threshold with the first 
decline of rhodopsin. 





It has frequently been asserted that rats possess only rods; yet Tansley® and 
Walls” state unequivocally that cones are present, and Sidman' has recently 
reported finding them in the approximate proportion 1 cone:10 rods. Since in 
the whele human retina the proportion of cones to rods is about 1:20, there may 
be as good anatomical basis in the rat as in man, for the two-cusped ERG’s to 
represent cone and rod responses. 

Figure 4 shows the relation between log threshold, and time on the deficient diet. 
After a somewhat abrupt start in the fifth week, the log threshold rises linearly. 
Similar behavior has been reported in man, the log threshold, rod and cone, rising 
linearly or nearly linearly for long periods on vitamin A-deficient diets.*: 7 
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Figure 5 shows the relation between the rhodopsin level of the retina and the 
logarithm of the visual threshold. Most of this relation again is linear, though 
distorted, as was Figure 4, by a somewhat disproportionate rise of threshold ac- 
companying the first decline of rhodopsin. When the rhodopsin has fallen to 
half its normal content as the result of the deficiency, the threshold has risen about 
100 times; when the rhodopsin is at 10 per cent, the threshold is up about 1,000 
times. It would be interesting to determine whether in normal rats the bleaching 
of rhodopsin that accompanies light adaptation causes similar changes of threshold. 
It is now recognized that in the human eye the bleaching of a small fraction of 
rhodopsin raises the threshold enormously;'* by one estimate, the bleaching of 0.6 
per cent of the rhodopsin raises the threshold about 3,300 times.’ 

Histologic Changes.—The deterioration of retinal tissues in vitamin A~deficient 
rats has been described by Tansley® and by Johnson.’ Our principal problem is 


— sclera 
— choroid——_ 
P19. €p-—_ 
out.seg— 


7111.SCQ.—__~_ 
ext. Jim. 


6 weeks 8 weeks. 


Fic. 6.—Effect of vitamin A deficiency on the structure of the rat retina. After 6 weeks on a 
vitamin A-deficient diet, the retina appears entirely normal. After 8 weeks it has deteriorated 
markedly: only traces remain of the pigment epithelium; the layer of rods, particularly the 
outer segments, is disintegrating; and the external limiting membrane has disappeared. 


to orient these changes in the pattern of biochemical and physiological events that 
we have described. 

After 6 weeks on the vitamin A-deficient diet, when the rhodopsin had fallen 
to about half its normal value but the opsin was still intact, the retinal histology 
of these animals appeared entirely normal (Fig. 6, left). After 8 weeks on the diet, 
however, when the opsin also had fallen to about half its normal value, the retinal 
tissues had deteriorated markedly (Fig. 6, right). The outer segments of the rods 
were attenuated, many had a gnawed appearance, and they were irregularly spaced. 
Only vestiges of the pigment epithelium remained. The sharp boundary that 
marked the external limiting membrane was gone; and the blood vessels of the 
choroid layer were frequently occluded. 

Our supposition that, when opsin goes, the outer segments of the rods should 
deteriorate structurally has proved to be correct. By this time, however, the 
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animal is deteriorating generally. Not only are other retinal tissues affected as 
just described, but the superficial structures of the eye now begin to display the 
classic signs of vitamin A deficiency: corneal clouding, xerophthalmia, and secre- 
tion of a sticky red exudate about the eyes. The animal is losing weight rapidly, 
the coat is disarranged, some animals have developed an unsteady gait, some 
breathe with difficulty. 

There is no compelling reason, therefore, to single out opsin among the animals’ 
disabilities. To the degree that the loss of opsin is responsible for the histological 
decay of the outer segments of the rods, it may be only one of many proteins respon- 
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Fic. 7.—Recovery from night blindness on administration of vitamin A. _ Fol- 
lowing intraperitoneal injection of a large dose of vitamin A, the ERG threshold 
returns within 64 hours to normal (log threshold = 0). During this interval the 
ERG retraces in reverse all the changes which had accompanied the development 
of night blindness. 


sible for similar manifestations in many tissues. We shall have more to say of this 
below. 

Recovery from Night Blindness.—-A number of animals which have developed 
night blindness were “‘cured” by administering vitamin A. It was found that the 
vitamin could be supplied more effectively by intraperitoneal injection than 
orally. Oral administration yielded irregular results, successful in some deficient 
animals, not in others. It seemed as though some deficient animals had lost 
temporarily the capacity to take up vitamin A fed by mouth. 

The effect of administering vitamin A to a night-blind animal is shown in Figure 7. 
At the beginning of the experiment this animal exhibited much the same ERG 
responses as did the animals of Figure 2 in the seventh week of the deficiency, Its 
ERG threshold was a little more than 100 times normal. 
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This animal was given a large dose of vitamin A—340 ug. dissolved in 1 ml. 
cottonseed oil, injected intraperitoneally. The ERG threshold slowly fell and 
within 64 hours had reached the normal level. Simultaneously, the ERG re- 
traced in reverse all the changes that had accompanied the development of night 
blindness: the a- and b-waves increased to their former sizes, and the delayed 
positive wave was reincorporated into the b-wave. 

Figure 8 shows the return of the ERG threshold to normal in a series of such 
recovery experiments. On the left are shown data from three deficient animals 
exhibiting various degrees of night blindness. Various amounts of vitamin A in 
cottonseed oil, ranging from 320 to 920 ug., were injected in 1-3 doses. In every 





! l T | 1 1 | if | i 
3.07 a 
257 “i 
2.0T- a 
All-trans 


Log threshold 
iy 
t 


ee 
° 
T 






Ali-trans 


ast 4 

















O+ th>— ——o- 
~ + , . 
O 20 40 60 80 ° 20 40 60 80 


Hours after Vitamin A 


Fig. 8.—Recoveries from night blindness on administration of vitamin A. Log ERG thresholds 
measured at various times after intraperitoneal injection of large doses of all-trans vitamin A 
(open circles), or neo-b (11-cis) vitamin A (closed circles). After injection of the all-trans isomer, 
the log threshold falls almost linearly to the normal level; but with neo-b vitamin A there is a lag 
in recovery, caused apparently by the necessity to isomerize this configuration primarily to all- 
trans before it is used by the eye. 


case the fall of log threshold to the normal level was approximately linear. The 
time for complete recovery depended primarily on the degree of night blindness, 
not the dosage level, at least within this range of high dosage. 

In one instance two rats, closely matched in their degree of night blindness, were 
injected with equal amounts (ca. 1,000 ug.) of two geometric isomers of vitamin A: 
the all-trans form, which is most prevalent and which has been shown to be most 
effective in stimulating growth and liver storage in the rat,?! and the hindered cis 
neo-b isomer (11l-cis), which serves as precursor of the visual pigments. The 
result is shown at the right in Figure 8. The fall of log threshold on injection of all- 
trans vitamin A was, as usual, approximately linear; the neo-b isomer, however, 
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exhibited a distinct initial lag in its effect, though after 30-40 hours the responses 
to both isomers ran approximately parallel. 

The vitamin A of the liver and blood was measured in these animals and in 
another pair which had been treated similarly. The animals injected with all- 
trans vitamin A had stored 71-87 ug. in the liver, in each case about 9 per cent of 
that injected, whereas those that received neo-b vitamin A had stored 32-39 ug., or 
about 4 per cent of that injected. Isomerization experiments conducted in both 
instances showed that none of the stored vitamin A was of the neo-b configuration. 
The blood levels after injection of either all-trans or neo-b vitamin A were normal 
(11.9 and 13.8 ug. per cent, respectively); again none of this was neo-b. Rhodopsin 
also was extracted from the retinas of the animals which yielded the data of Figure 
8 (right). The extinctions at 500 mu were 0.259 and 0.252, somewhat low, yet 
within the normal range. 

It appears, therefore, that neo-b vitamin A, when injected intraperitoneally, is 
converted to other isomers, primarily all-trans, before entering the eye. It is 
presumably this process of isomerization that causes the observed delay in its 
action and may be responsible also for its relatively low effectiveness in growth and 
storage.?! 

Where this isomerization occurs is not yet known; but it appears to be a general 
feature of vitamin A metabolism, for surveys in our laboratory of representative 
tissues in fishes, rats, and cattle have failed to find the neo-b isomer anywhere but 
in the eye.*? It seems likely that only other isomers of vitamin A are carried in the 
blood or stored in the liver and that the eye tissues themselves isomerize one or 
several of these to the neo-b configuration for the synthesis of visual pigments. 
The bleaching of the visual pigments by light, on the other hand, yields all-trans 
retinene and vitamin A; so that the visual processes include a continuous cycle of 
geometric isomerization between these two configurations. '* 

At the left of Figure 8 two recoveries are shown from states of night blindness 
involving 2.5-3 log units rise of threshold above normal. Figure 5 shows that this 
degree of night blindness corresponds to the decline of rhodopsin to 10-20 per cent 
of normal and Figure 1 that, by this time, opsin should have fallen to about 60 
per cent of normal, with a corresponding disturbance of retinal histology. We can- 
not be certain that all these lesions occurred in the animals that yielded the data of 
Figure 8, but they were to be expected. The return of the threshold of these 
animals to normal 50 hours after administration of vitamin A implies that, within 
this interval, not only had neo-b vitamin A again been made available but that the 
retina had regained whatever opsin it had lost and had repaired whatever tissue 
deterioration had occurred. It should be said at once that these animals had been 
selected because their corneas were clear, since we wished to avoid the special 
complications of threshold measurement with cloudy corneas. The animals were, 
however, losing weight, and some of them exhibited the rough coats, red eye exudate, 
and postural imbalance already noted. In such instances, though a single large 
dose of vitamin A quickly brought the visual threshold back to normal, as shown 
in Figure 8, the external appearance was still poor. Several days elapsed before the 
weight began to increase, and it took several weeks before they again looked sleek, 
though no more vitamin A had been administered. 

Conclusions.—These experiments reveal a simple and consistent series of changes 
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directly related to the availability of vitamin A. On being deprived of vitamin A, 
the rat exhausts its store of this substance in the liver at a regular rate, meanwhile 
maintaining the levels in the other tissues. With the liver emptied, the blood 
level falls, and shortly afterward evidences of tissue deprivation appear. The 
first of these is night blindness—the visual pigments lose their prosthetic group, 
vitamin A aldehyde. Later the protein components of the visual pigments, the 
opsins, also decline; but this is a secondary phenomenon accompanied by general 
signs of tissue disintegration in the eye and elsewhere in the organism. On ad- 
ministering vitamin A, all these changes are reversed. 

For some years past we have had to face the embarrassment that the only function 
of vitamin A in the organism that we understand—that of supplying the chromo- 
phores of the visual pigments—plays only a trivial part in the whole complex of 
vitamin A deficiency. No animal dies of night blindness. Vitamin A must have 
some general and fundamental function in tissues all over the body, perhaps 
particularly in epithelia, so that in its absence the organism as a whole deteriorates 
and eventually suecumbs. The nature of this general function is still unknown. 

It has recently become increasingly evident that the protein opsin is stabilized 
chemically by its combination with retinene. Opsin, for example, is denatured 
much more readily than rhodopsin, by acids and alkalies** and by heat.24 We have 
supposed that possibly for this reason opsin can be maintained in the rods and cones 
only through its opportunity to form visual pigments; and that, when this opportu- 
nity is lost, as in vitamin A deficiency, the opsins also might soon be lost. It is in 
part this consideration that led us to perform the present experiments. 

They come out well in this regard. It is true, whether for this reason or another, 
that, shortly after opsin ceases to be saturated with retinene, it begins to leave the 
retina; and, since opsin is an important structural constituent of the outer segments 
of the rods, it is perhaps for this reason that the rods deteriorate anatomically. 
The important point is that these things do not happen alone but as part of a 
wide pattern of tissue disintegration all over the body. The outer segments of 
the rods are only one among many tissues, and opsin may be only one of many 
tissue proteins stabilized by the presence of vitamin A or its derivatives and doomed 
in its absence. 

We should like, therefore, to suggest that opsin may behave here as a representa- 
tive protein and that the mechanism of its stabilization in the rods and cones may 
be representative also. This would mean that many tissues contain structural 
proteins which are stabilized by direct combinatioa with vitamin A or its derivatives 
and which are lost with the consequent anatomical disintegration of the tissues in 
the absence of vitamin A. In this sense opsin and the rod outer segments may 
provide a model for the general function of vitamin A in the tissues. 


* This investigation was supported in part by funds from the Rockefeller Foundation and the 
Office of Naval Research. J. E. D. wishes to express his appreciation of a summer stipend 
provided by the National Science Foundation. We should also like to thank Dr. Toichiro 
Kuwabara of the Howe Laboratory of Ophthalmology and Dr. David G. Cogan, its director, for 
preparing the histologic sections used in this investigation. 
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MOLECULAR INTERACTION OF ISOALLOXAZINE DERIVATIVES* 
By Henry A. Harpury AND Katuryn A. Foteyt 
DEPARTMENT OF BIOCHEMISTRY, YALE UNIVERSITY, NEW HAVEN, CONNECTICUT 
Communicated by Hans T. Clarke, May 7, 1958 


Theorell and Kuhn and their co-workers'~ have presented considerable evidence 
ia support of the view that the phosphate group of flavin mononucleotide (FMN) 
plays an important role in the binding of FMN to the protein component of the 
“old yellow enzyme,” and it seems likely that a similar situation obtains in other 
FMN-protein systems. It has been suggested that, in the “old yellow enzyme”’ at 
physiological values of pH, the negatively charged phosphate group is bound to 
positively charged amino groups of the protein.* ® 

Less clear is the nature of the interaction between protein and the zsoalloxazine 
portion of FMN. That such interaction occurs is evident from the fact that free 
FMN and protem-bound FMN differ in absorption spectrum, fluorescence spec- 
trum, and oxidation-reduction potential. Moreover, addition of riboflavin to the 
protein component of the “old yellow enzyme” leads both to the development of 
enzymic activity and to quenching of the fluorescence of riboflavin.* + The re- 
sults of the early investigations by Kuhn and his colleagues (reviewed exten- 
sively®~*), in which riboflavin analogues and derivatives were examined both for 
vitamin activity and for ability to give rise to enzymic activity when added to the 
protein of the “old yellow enzyme,” the extensive antimetabolite studies performed 
in many laboratories,®~* and the recent kinetic data of Theorell and Nygaard* ® 
are all consistent with the idea that the zsoalloxazine part of FMN plays a key role 
in protein-F MN interaction. 

Such interaction may be expected to differ not only between one FMN-protein 
and another, but also between reversibly interconvertible states and compounds 
of a single flavoprotein. This may hold to an even greater extent for the more 
complex flavin adenine dinucleotide-proteins and metalloflavoproteins. It would 
seem of interest to examine the linked functions” of flavoprotein systems in a man- 
ner analogous to the systematic study of the heme protein, horseradish peroxidase, 
now in progress in this laboratory.'' However, whereas studies of heme proteins 
are facilitated by the availability of considerable information on the interaction of 
metalloporphyrins with nonprotein ligands,'* little analogous information exists 
for zsoalloxazine derivatives. In the present communication we report on studies 
undertaken for purposes of orientation preparatory to more detailed investiga- 
tions. 

EXPERIMENTAL 

Materials.—3-Methylriboflavin was synthesized by condensation!® of 2-amino- 
t,5-dimethyl-N-(1’-p-ribityl)-aniline'* and methylalloxan.’* Melting point: 269° 
270° C., with decomposition. Analysis: calculated, C 55.37, H 5.69, N 14.36; 
found, C 55.48, H 5.95, N 14.37. Absorption and fluorescence spectra are shown in 
Figure 1. 

p-Hydroxycinnamic acid (m.p. 212° C.), p-methoxycinnamic acid (m.p. 185° C., 
sinters 170° C.), and L-tyrosine ethyl] ester (m.p. 166° C.) were gifts from Dr. Chris- 
tine Zioudrou and Professor Joseph 8S. Fruton. All other compounds used were 
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commercial preparations, purified as required. Solutions were freshly prepared 
immediately prior to use. Care was taken to protect flavin-containing solutions 
from light. 

A pparatus.— Absorption spectra were determined with the use of Cary model 11, 
Spectracord model 3000, and Beckman model DU spectrophotometers. Fluores- 
cence spectra were determined with a spectrofluorometer constructed from two 
Bausch and Lomb grating monochromators, a Xenon are light source, a 1P28 
photomultiplier tube with battery power supply (Farrand Optical Co.), and a 
Varian Associates model G10 recorder. 
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Fic. la.—Absorption spectra of 3-methylriboflavin and riboflavin in water solution. Cary 
model 11 spectrophotometer. Full line, 3-methylriboflavin; dashed line, riboflavin (see Whitby, 
Biochem. J., 54, 437, 1953). 


Methods.—The visible and near-ultraviolet absorption maxima of water solutions 
containing flavin in the presence of the interactants studied lie at slightly different 
wave lengths and are of somewhat lower intensity than the corresponding maxima 
of water solutions of the zsoalloxazine compounds alone. This is illustrated in 
Figure 2. Similar observations have been reported previously by others.'*~'’ If 
it is assumed that this shift reflects complex formation, then apparent dissociation 
constants may be caleulated. Assuming an equilibrium, F + J = FT, the following 
relationship obtains at fixed wave length when [/ |p > [F Jo: 

1 l he l 


= + “ae? 
AA, [(Qar)r7 — (Ay) K \l[F lo (Qa) e7 sand (ay) r \LLF lo (] lo 





664 BIOCHEMISTRY: HARBURY AND FOLEY Proc, N. A. 5 


where F represents flavin, / = interactant, FJ = a 1:1 complex of flavin and inter- 
actant, [Jo = total molar concentration of interactant, [F ]) = total molar concen- 
tration of flavin, K.’ = |[F] {/]/[F7), | = optical path length of solution, (ay) ” = 
molar absorbancy iaidies of flavin, (ay)r, = molar absorbancy index of complex, 
A, = absorbancey, and AA, = (A, for a solution of F at concentration [F Jo) + (A; 
for a solution of J at concentration [J ])) — (A; for a solution of F, 7, and FJ in equi- 
librium at a total flavin concentration [F ]) and a total interactant concentration 
[J \o). Values for K,’ can conveniently be determined graphically from plots of 
1/AA, versus 1/[/]o, at fixed values of [F' Jo. Calculations were made for wave 
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Fic. 2.—Absorption spectra of solutions 
of 3-methylriboflavin plus interactant. Cary 
model 11 spectrophotometer, 10-cm. cuvettes. 

WAVELENGTH (myt) , 15 X& 10° Mm 3-methylriboflavin 
versus water; — ——, 1.5X10~* m 3-methylriboflavin 

Fic. 1b.—Apparent fluorescence spec- pus 0.21 mM benzoate versus 0.21 M benzoate; 
trum of 3-methylriboflavin, 1 xX 10-5 uw 15 XX 107° mM 3-methylriboflavin plus 
solution in water. See text for instru- 0.020 m 2-naphthoate versus 0.020 mM 2-naph- 
mentation. No corrections applied. thoate. 
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lengths near 445 my and often also near 373 mu. The method becomes decreasingly 
sensitive with increasing degree of dissociation. 

Spectra were determined for solutions containing flavin at total concentrations 
from 1.0 X 10-°m to 1.5 K 10~* M, and interactant at total concentrations from 
1.1 X 10-'mto3.8 K 10-'m. Cuvettes with l-em. and 10-cm. path lengths were 
employed. Solutions were adjusted with potassium hydroxide or hydrochloric 
acid to values of pH between 6.5 and 7.5, but no buffers were added. In prelimi- 
nary experiments with several interactants, no effect of pH on degree of interaction 
was observed over the range of pH 4-8. All measurements were made at 22.5° + 
0.5° C. 
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Results—The values of AA, are not large, and the range of concentrations of 
interactant that could be studied in water solution was limited, but the results ob- 
tained suffice for the immediate purpose of evaluating gross relationships. A rep- 
resentative graph of 1/AA, versus 1/{/ |) is shown in Figure 3. Within the range 
of concentrations employed, the assumed 1:1 stoichiometry represents the simplest 
formulation consistent with the data at hand. Apparent equilibrium constants 
are summarized in Table 1. The value of 0.021 mol |.~! found for the apparent dis- 
sociation constant of the 3-methylriboflavin-caffeine system at 22.5° C. (Fig. 3) may 
be compared with a value of 0.011 mol |.~! 
for riboflavin-caffeine at 17° C. and pH 7.5, 4 TT yyy 
determined fluorometrically by Weber,'® and 
a value of 0.019 mol 1.~! for riboflavin- 
caffeine at 20° C. and pH 5.8, determined 
spectrophotometrically by Yagi and Mat- 
suoka. '* 


20+ 


DISCUSSION 


Currently accepted concepts of the mode 
of linkage between izsoalloxazine and protein bittisitisitis 
120 160 200 
views first advanced by Kuhn and his co- I/{1),(L.mor") 
workers,®* * who suggested that, in the ‘“‘old Fi. 3.—3-Methylriboflavin-caffeine sys- 
a : tem. Solid circles, readings at 373 muy; 
yellow enzyme,” a bond exists between the open circles, readings at 445 mu. 
protein and the imino group in the number 3 
position of the zsoalloxazine ring. This suggestion was based upon the following 
observations. First, the fluorescence of FMN is quenched on dissociation of the 
number 3 imino group in alkaline solution?! and also on linkage of FMN to the 
protein of the ‘“‘old yellow enzyme.’ ? Furthermore, neither 3-methylriboflavin 
nor 3 methyl FMN can react with the protein of the “old yellow enzyme” to form 


are essentially variations and extensions of 


an enzymically active complex,’ and 3-methylriboflavin displays no growth-promot- 
ing activity upon administration to rats on a riboflavin-free diet.22. A number of 
reviews state, as additional argument, that 3-methylriboflavin is nonfluorescent, 
but this is incorrect (Fig. 1). 

During the past decade, considerable support has developed for the view that the 
interaction between protein and zsealloxazine rests on hydrogen bonding. Geiss- 
man?’ has proposed that perhaps not only the number 3 ring position but also the 
number 10 position participates in bonding to the protein and that both linkages 
involve hydrogen bonds to peptide chain —-NH—-CO— groups. Hydrogen-bond 
formation to the number 10 ring nitrogen also has been postulated by Michaelis.?4 
More recently, Theorell and Nygaard have performed kinetic studies with both 
native and iodinated ‘‘old yellow enzyme” and have interpreted their data in terms 
of hydrogen-bonding effects.* > Extending a suggestion by Weber'® that aromatic 
constituents such as tyrosine are likely participants in the quenching of flavin 
fluorescence by proteins, they have proposed that in the “old yellow enzyme” the 
number 3 imino group of the zsoalloxazine ring is linked through a hydrogen bond 
to the OH group of a tyrosine residue. 

Similar suggestions have been advanced for systems composed of riboflavin and 
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molecules other than proteins. Sakai'® has investigated the effects of a number of 
aromatic compounds on the fluorescence of riboflavin and its solubility in water 
and has interpreted his results in terms of hydrogen-bond formation involving the 
imino or carbonyl groups of the ¢soalloxazine ring. Yagi and Matsuoka," in a 
study of the reaction of riboflavin with phenol, advanced a similar hypothesis. 
Weber'® has concluded that the quenching of the fluorescence of riboflavin by 
purines is due to complex formation and has suggested that in flavin adenine di- 
nucleotide an internal complex exists between the zsoalloxazine and adenine com- 
ponents of the molecule. His data have been interpreted* as indicating that bond 
formation occurs in flavin adenine dinucleotide between isoalloxazine and the 
amino group of adenine. 

The results of the present study support a different point of view. In several of 
the systems studied, there is no possibility of hydrogen-bond formation between the 
interactant and the zsoalloxazine ring. An example is 3-methylriboflavin-caffeine. 


TABLE 1 
APPARENT [DISSOCIATION CONSTANTS 
FLAVIN*® 
3-Methyl- 


INTERACTANT Riboflavin riboflavin 


xX xX 
xX xX 


3-Hydroxy-2-naphthoate 
2-Naphthoate 
Anthraquinone-1-sulfonate 
Anthraquinone-2,6-disulfonate 
p-Methoxycinnamate 
p-Hydroxycinnamate 
Cinnamate 

L-Tryptophan 

Caffeine 

Anisate 
p-Hydroxybenzoate 
Salicylate 

m-Chlorophenol 

Phenol 

L-Tyrosine ethy] ester 
Benzoate 

L-Phenylalanine 
1,4-Benzoquinone 


A KR KA A KKK KR KKK Kw 


* x marks denote systems studied. 


Among those systems where hydrogen bonding is possible in principle, the relative 


values of the apparent dissociation constants recorded bear little relation to what 
would be predicted, were the interaction dependent upon hydrogen-bond forma- 
tion alone. The constants recorded depend greatly upon the extent of conjugation 
of the compounds employed, and 3-methylriboflavin has in all instances proved 
fully as reactive as riboflavin or FMN. These observations argue against ring hy- 
drogen bonding as a primary feature of interaction in the zsoalloxazine systems ex- 


amined and suggest that molecular charge transfer*®: 7 may be a more important 
factor. However, other interpretations may be possible, and definitive evidence 
in favor of charge-transfer interaction remains to be obtained. Kosower® pre- 
viously has discussed the possibility that certain diphosphopyridine nucleotide 
systems might be charge-transfer complexes. 

The choice of compounds included in this initial survey was rather arbitrary 
and was influenced by considerations of ready availability, solubility, and con- 
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venience of spectrophotometric observation. Nevertheless, the interactants listed 
in Table | include representatives of aromatic amino acids and purines, as well as 


compounds structurally related to certain vitamins, hormones, and agents known to 
uncouple electron transport from oxidative phosphorylation. It is tempting to 
speculate on the role which charge-transfer interaction and resonance coupling?*~* 
may play in the prosthetic group-linked functions of flavoproteins and other oxi- 
dative enzymes. Interesting possibilities suggest themselves in relation to electron 
transport-coupled phenomena such as oxidative phosphorylation. However, such 
speculation would be premature. Whether the data presented have relevance to 
the interactive effects which obtain in 7soalloxazine-protein systems is still to be 
established. 


SUMMARY 


Interaction in water solution between zsoalloxazine derivatives and various con- 
jugated molecules has been studied. The results obtained argue against hydrogen 
bonding between interactant and zsoalloxazine as a primary feature of interaction 
in the systems examined and suggest that molecular charge transfer may be a more 
important factor. Alternative interpretations are possible. The data are discussed 
in relation to current concepts of the interaction of 7soalloxazine with proteins and 
with other compounds of biochemical interest. 


* This study was aided by grants from the National Science Foundation, the Rockefeller 
Foundation, and the James Hudson Brown Memorial Fund of the Yale University School of 
Medicine. 

+ Predoctoral Research Fellow of the United States Public Health Service. 
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PRODUCTION, REPRODUCTION, AND REVERSION OF PROTOPLAST- 
LIKE STRUCTURES IN THE OSMOTIC STRAIN OF NEUROSPORA 
CRASSA 


By STERLING EMERSON AND Mary R. EMERSON 
CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA, CALIFORNIA 
Communicated by G. W. Beadle, May 16, 1958 


Protoplasts devoid of cell walls have been produced in Bacillus megaterium and 
certain other Gram-positive species of bacteria.' Structures resembling proto- 
plasts but not completely devoid of cell walls have also been produced in Escherichia 
coi and some other Gram-negative bacteria.2 Those from Gram-positive and 
Gram-negative bacteria are alike in that they are spherical in shape and are lysed 
by osmotic shock. Bacterial protoplasts have already proved to have many useful 
applications—among others, in the extraction of cellular constituents, in studies of 
the biosynthesis of enzymes and other macromolecular substances, and in host- 
parasite interrelations. * 

Protoplasts, or protoplast-like structures, have also been produced in one of the 
higher fungi, the unicellular Ascomycete, Saccharomyces cerevisiae.‘ The present 
paper reports the production and reproduction of coenocytic protoplast-like struc- 
tures in one strain of the filamentous Ascomycete, Neurospora crassa. 

Strain Specificity.— Under the conditions employed, protoplasts have consistently 
been formed by all tested strains carrying the osmotic mutant gene, os.6 An 


exhaustive survey has not been made, but all tested strains carrying the wild- 


type allele of os have either been completely refractory or have responded poorly. 
The only non-osmotic strains which have so far yielded protoplasts are two with 
maternally inherited cytochrome abnormalities, poky® and mi-3,7 which appear to 
require higher enzyme concentrations than strains carrying os and, even then, 
are erratic in response. Descriptions to follow refer to os strains. 

Treatment.—Culture media in which protoplasts have been produced consist of 
the standard Neurospora salt mixture and biotin,’ sugars, and either a commercial 
hemicellulase preparation’ or, in a few tests, a crude preparation of snail hepatic 
juice. 

While the concentrations of enzymes, salts, and sugars do influence the ease with 
which protoplasts are produced and maintained, no clear end-point for dilution 
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has been observed in either their production or their maintenance. Protoplasts 
have been produced in media containing as little as 0.5 per cent (w/v) hemicellulase, 
1 per cent sucrose, and the standard salt mixture. In most experiments, however, 
media have contained 2 or 3 per cent hemicellulase, 2 per cent sucrose, 5-10 per 
cent rhamnose or sorbose, and two to four times the standard strength of the salt 
mixture. Protoplasts are more readily maintained at the higher concentrations of 
sugars and enzymes and are more uniformly lysed by osmotic shock than those 
cultured at lower concentrations. 

Origin, Growth, and Reproduction of Protoplasts~—When hyphae or hyphal 
fragments are transferred to hemicellulase media, protoplasts are extruded through 
pores in the side or end walls of the hyphal cells. Monilioid conidia (macroconidia) 


Fic. 1.—Camera lucida drawings of 
successive stages in protoplast develop- 
ment from two of three conidia; the 
conidium in the middle is degenerating. 
Conidia of osmotic strain Em 11200a 
in 10 per cent rhamnose, 2 per cent 
sucrose, 3 per cent hemicellulase con- 
centrate, 3.2X standard salt mixture, Fic. 2.—Growth of a protoplast subcultured 
in a small drop under oil at room in 10 per cent sorbose, 2 per cent sucrose, 2 per 
temperature. Elapsed times in hours cent hemicellulase concentrate, 4X standard salt 
and minutes: inoculation to a, 4:15; mixture, in a small drop under oil at room tem- 
a to b, 0:25; b toe, 1:30; ce tod, 1:25; perature. Elapsed times: inoculation to a, 
d to e, 13:30; e tof, 0:13; ftog, 0:30; 20:05; ato b, 1:37; b toc, 1:48; ¢ to d, 1:05; 
g to h, 0:20. d to e, 0:50; e to f, 21:15. 


germinate directly into protoplasts (Fig. 1). Protoplasts produced directly from 
conidia seem to be less uniform than those arising from hyphae, especially at low 
concentrations of sugars and enzymes, and are more likely to revert to hyphal- 
type growth in the media in which they were produced. 

Newly formed protoplasts are spherical, average about 10 u in diameter, and 
contain several nuclei. Most protoplasts increase in diameter to about 50 u, some 
to 100 uw, and contain a hundred or more nuclei. Upon lysis in distilled water, 
the cell contents disperse rapidly, leaving delicate membranes, or cell walls, the 
constitution of which has not been determined. Protoplasts produced by snail 


enzymes are also readily lysed by osmotic shock, but much more prominent walls 
remain. 
In older cultures many protoplasts become highly vacuolate. When these are 
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lysed, the discharged vacuoles remain visible and increase in diameter to as much 
as 50 uw without bursting. Membranes of discharged vacuoles show remarkable 
elasticity when poked with fine glass needles. Upon transfer to fresh media, 
highly vacuolated protoplasts continue growth and division. 

Division of protoplasts commonly occurs as a simple pinching in two by a furrow- 
ing process (Fig. 2) or sometimes by a process resembling the budding of yeasts 
(similar to that illustrated in Fig. 3). Daughter protoplasts are at first contained 
within the membrane of the parental cell, but they separate readily, either spon- 
taneously or upon gentle agitation. 

When protoplasts are grown on an agar surface or on glass, they often become 
greatly flattened, irregularly shaped, and closely packed into a thin sheet (similar 
to the nonreverted cells in Fig. 4). Division of protoplasts under these conditions 
continues by rather irregular furrowing. These sheets of protoplasts resemble the 
multinucleate protoplasts of yeasts figured by Neéas,‘ and the L-forms of FE. coli 
described by Lederberg." 


Fig. 4.—Portions of a flat pseudo-paren- 
Fic. 3.—Successive stages in the reversion of a chymatous colony developed from proto- 
protoplast to hyphal-type growth after transfer plasts on an inverted cover-glass mount, 
from hemicellulase medium to 10 per cent sorbose, showing transition from parenchymatous to 
2 per cent sucrose, 4X standard salt mixture hyphal growth, about 48 hours after transfer 
(osmotic concentration 30.7 atm.), in 0,2 per cent from a hemicellulase medium to one con- 
agar under oil at room temperature. Elapsed taining 5 per cent sucrose and the standard 
times: inoculation to a, 0:15; ato b, 6:23; btoc, salt mixture (osmotic concentration 7.5 
2:22; ctod, 11:50. atm.). 


Reversion to Hyphal-T ype Growth.— Upon transfer of protoplasts to media lacking 
enzymes, they revert to typical mycelial growth, though the time necessary for 
complete reversion varies from a few hours to several days. The type of mycelial 
growth produced by os strains depends upon the osmotic strength of the medium.® 
In media of less than 5 atm. osmotic pressure, long, thin, sparsely branched hyphae 
are produced (as in Fig. 4). At higher osmotic concentrations, there result pro- 
gressively more contorted and more branched hyphae, with short, broad cells 
(Fig. 3). Individual protoplasts sometimes produce one or more hyphae as direct 
outgrowths of the mother cell. In other instances (as in Figs. 3 and 4) a consider- 
able amount of parenchymatous tissue is first formed, from which hyphae differenti- 
ate. Variations in response to the absence of enzymes, in respect to both the time 
required for reversion and the growth forms produced, may reflect the degree of 
somatic differentiation of individual protoplasts from hyphal-type growth, as well 
as differences in the cultural conditions under which they had developed. 
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Appearances of regeneration from naked masses of protoplasm have sometimes 
been noted, but never in examples in which it had been established that there were 
no small, fully formed cells from which the growth might have arisen. It is, of 
course, possible that cultural conditions will be found under which masses of naked 
protoplasm will revert to cellular growth, such as has been reported by Neéas* in 
Saccharomyces cerevisiae and by Pease" in Proteus vulgaris. 


1C, Weibull, Symposium Soc. Gen. Microbiol., 6, 111, 1956. 

2? J. Lederberg, these PROCEEDINGS, 42, 574, 1956; K. MeQuillen, Biochim. et Biophys. Acta, 27, 
410, 1958. 

>K. MeQuillen, Symposium Soc. Gen. Microbiol, 6, 127, 1956; S. Spiegelman, in The Chemical 
Basis of Heredity, ed. W. D. McElroy and B. Glass (Baltimore: Johns Hopkins Press, 1957), 
pp. 232-267; J. Spizizen, these PRocEEDINGS, 43, 694, 1957; D. Fraser, H. R. Mahler, A. L. Shug, 
and C. A. Thomas, Jr., these PRocEEDINGS, 43, 939, 1957; E. Chargaff, H. M. Schulman, and 
H.S. Shapiro, Nature, 180, 151, 1957. 

*O. Neéas, Biol. Zentr., 75, 268, 1956; A. A. Eddy and D. H. Williamson, Nature, 179, 1252, 
1957. 

> Mary R. Emerson, in manuscript. Our mutant strain, Em 11200, has been shown to be 
allelic to a number of others of independent origin: B 135 and M 16 obtained from Dr. D. D. 
Perkins, Stanford University; ‘wooly,’ from Dr. H. L. K. Whitehouse, Cambridge University; 
and “‘ginger’” and an unnamed mutant from Dr. J. R. 8. Fincham, University of Leicester. From 
published descriptions it is likely that these are also allelic to the “cut’’ mutant of Dr. H. Kuwana 
(Cytologia, 18, 235, 1953). 

® Mary B. Mitchell and H. K. Mitchell, these ProceEDINGs, 38, 442, 1952. 

7 Mary B. Mitchell, H. K. Mitchell, and A. Tissieres, these PROCEEDINGS, 39, 606, 1953. 

8G. W. Beadle and E. L. Tatum, these PROCEEDINGS, 27, 499, 1941. 

* The hemicellulase preparation was obtained from the Nutritional Biochemical Corporation, 
Cleveland 28, Ohio, who inform us that it is a concentrate of microbiological origin, containing 
cellulase, gumase, and maltase in addition to hemicellulase. A single test in our laboratory indi- 
cated strong chitinase activity. 

J. Lederberg and Jacqueline St. Clair, J. Bacteriol., 75, 143, 1958. 

11 Phyllis Pease, J. Gen. Microbiol., 17, 64, 1957. 


THE REPLICATION OF DNA IN ESCHERICHIA COLI* 
By MATTHEW MESELSON AND FRANKLIN W. STAHL 


GATES AND CRELLIN LABORATORIES OF CHEMISTRY, ¢ AND NORMAN W. CHURCH LABORATORY OF 
CHEMICAL BIOLOGY, CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA, CALIFORNIA 


Communicated by Max Delbriick, May 14, 1958 


Introduction.—Studies of bacterial transformation and bacteriaphage infection! 
strongly indicate that deoxyribonucleic acid (DNA) can carry and transmit heredi- 
tary information and can direct its own replication. Hypotheses for the mechanism 
of DNA replication differ in the predictions they make concerning the distribution 
among progeny molecules of atoms derived from parental molecules.® 

Radioisotopic labels have been employed in experiments bearing on the distribu- 
tion of parental atoms among progeny molecules in several organisms.6~* We 
anticipated that a label which imparts to the DNA molecule an increased density 


might permit an analysis of this distribution by sedimentation techniques. To this 
end, a method was developed for the detection of small density differences among 
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Fig. 1.—Ultraviolet absorption photographs showing successive 
stages in the banding of DNA from £. coli, An aliquot of 
bacterial lysate containing approximately 108 lysed cells was centri- 
fuged at 31,410 rpm in a CsCl solution as described in the text. 
Distance from the axis of rotation increases toward the right. 
The number beside each photograph gives the time elapsed 
after reaching 31,410 rpm. 


macromolecules." By use of this method, we have observed the distribution of 
the heavy nitrogen isotope N among molecules of DNA following the transfer of 
a uniformly N™-labeled, exponentially growing bacterial population to a growth 
medium containing the ordinary nitrogen isotope N‘. 

Density-Gradient Centrifugation. A small amount of DNA in a concentrated 
solution of cesium chloride is centrifuged until equilibrium is closely approached 
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The opposing processes of sedimentation and diffusion have then produced a 
stable concentration gradient of the cesium chloride. The concentration and 
pressure gradients result in a continuous increase of density along the direction 
of centrifugal force. The macromolecules of DNA present in this density gradient 
are driven by the centrifugal field into the region where the solution density is 
equal to their own buoyant density.'' This concentrating tendency is opposed by 
diffusion, with the result that at equilibrium a single species of DNA is distributed 
over a band whose width is inversely related to the molecular weight of that species 
(Fig. 1). 

If several different density species of DNA are present, each will form a band at 
the position where the density of the CsCl solution is equal to the buoyant density 
of that species. In this way DNA labeled with heavy nitrogen (N") may be 


Q 





n'4 N 15 
Fic. 2—a: The resolution ef N'* DNA from N® DNA by density-grauient centrifugation. 
A mixture of N!4 and N® bacterial lysates, each containing about 10° lysed cells, was centrifuged in 
CsCl solution as described in the text. The photograph was taken after 24 a urs of centrifugation 
at 44,770 rpm. 6b: A microdensitometer tracing showing the DNA distribution in the region of the 
two bands of Fig. 2a. The separation between the peaks corresponds to a difference in buoyant 
density of 0.014 gm. em. 


resolved from unlabeled DNA. Figure 2 shows the two bands formed as a result 
of centrifuging a mixture of approximately equal amounts of N'4 and N® Escherichia 
coli DNA. 

In this paper reference will be made to the apparent molecular weight of DNA 
samples determined by means of density-gradient centrifugation. A discussion 
has been given!’ of the considerations upon which such determinations are based, 
as well as of several possible sources of error.!” 

Experimental.— Escherichia coli B was grown at 36° C. with aeration in a glucose 
salts medium containing ammonium chloride as the sole nitrogen source.'* The 
growth of the bacterial population was followed by microscopic cell counts and by 
colony assays (Tig. 3). 

Bacteria uniformly labeled with N' were prepared by growing washed cells for 
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14 generations (to a titer of 2 X 108/ml) in medium containing 100 ug/ml of NH,Cl 
of 96.5 per cent isotopic purity. An abrupt change to N'* medium was then ac- 
complished by adding to the growing culture a tenfold excess of N'*H,Cl, along 
with ribosides of adenine and uracil in experiment 1 and ribosides of adenine, 
guanine, uracil, and cytosine in experiment 2, to give a concentration of 10 ug/ml 
of each riboside. During subsequent growth the bacterial titer was kept between 
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Fic. 3.—Growth of bacterial populations first in N“ and then in N'* medium. The values 
on the ordinates give the actual titers of the cultures up to the time of addition of N“. 
Thereafter, during the period when samples were being withdrawn for density-gradient 
centrifugation, the actual titer was kept between | and 2 X 10° by additions of fresh 
medium. The values on the ordinates during this later period have been corrected for the 
withdrawals and additions. During the period of sampling for density-gradient centrifuga- 
tion, the generation time was 0.81 hours in Experiment 1 and 0.85 hours in Experiment 2. 





1 and 2 X 108/ml by appropriate additions of fresh N'* medium containing 
ribosides. 

Samples containing about 4 X 10° bacteria were withdrawn from the culture 
just before the addition of N'4 and afterward at intervals for several generations. 
Each sample was immediately chilled and centrifuged in the cold for 5 minutes at 
1,800 g. After resuspension in 0.40 ml. of a cold solution 0.01 M in NaCl and 
0.01 M in ethylenediaminetetra-acetate (EDTA) at pH 6, the cells were lysed by the 
addition of 0.10 ml. of 15 per cent sodium dodecyl sulfate and stored in the cold. 
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Fig. 4—a: Ultraviolet absorption photographs showing DNA bands resulting from density- 
gradient centrifugation of lysates of bacteria s: er at various times after the addition of an ex- 
cess of N'* substrates to a growing N"-labeled culture. Each photograph was t: aken after 20 hours 
of centrifugation at 44,770 rpm under the conditions described in the text. The density of the 
CsCl solution increases to the right. Regions of equal density occupy the same horizontal position 
on each photograph. The time of sampling is measured from the time of the addition of N" in 
units of the generation time. The generation times for KE ey riments 1 and 2 were estimated from 
the measurements of bacterial growth presented in Fig. 3. 6: Microdensitometer tracings of the 
DNA bands shown in the adjacent photographs. The se rodensitometer pen displacement above 
the base line is directly proportional to the concentration of DNA. The degree of labeling of a 
species of DNA corre sponds to the relative position of its band between the bands of fully labeled 
and unlabeled DNA shown in the lowermost frame, which serves as a density reference. A test of 
the conclusion that the DNA in the band of intermediate density is just half-labeled is provided by 
the frame showing the mixture of generations 0 and 1.9. When allowance is made for the relative 
amounts of DNA in the three peaks, the peak of intermediate density is found to be centered at 
50 + 2 per cent of the distance between the N'* and N™ peaks. 
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For density-gradient centrifugation, 0.010 ml. of the dodecyl sulfate lysete 
was added to 0.70 ml. of CsCl] solution buffered at pH 8.5 with 0.01 M tris(hydroxy- 
methyljaminomethane. The density of the resulting solution was 1.71 gm. cm.~* 
This was centrifuged at 140,000 g. (44,770 rpm) in a Spinco model E ultracentri- 
fuge at 25° for 20 hours, at which time the DNA had essentially attained sedimenta- 
tion equilibrium. Bands of DNA were then found in the region of density 1.71 
gm. em.~’, well isolated from al! other macromolecular components of the bacterial 
lysate. Ultraviolet absorption photegraphs taken during the course of each cen- 
trifugation were scanned with a recording microdensitometer (Fig. 4). 

The buoyant density of a DNA molecule may be expected to vary directly with 
the fraction of N™ label it contains. The density gradient is constant in the 
region between fully labeled and unlabeled DNA bands. Therefore, the degree 
of labeling of a partially labeled species of DNA may be determined directly from 
the relative position of its band between the band of fully labeled DNA and the 
band of unlabeled DNA. The error in this procedure for the determination of 
the degree of labeling is estimated to be about 2 per cent. 

Results.—Figure 4 shows the results of density-gradient centrifugation of lysates 
of bacteria sampled at various times after the addition of an excess of N'4-containing 
substrates to a growing N'-labeled culture. 

It may be seen in Figure 4 that, until one generation time has elapsed, half- 
labeled molecules accumulate, while fully labeled DNA is depleted. One generation 
time after the addition of N', these half-labeled or “hybrid’’ molecules alone are 
observed. Subsequently, only half-labeled DNA and completely unlabeled DNA 
are found. When two generation times have elapsed after the addition of N', 
half-labeled and unlabeled DNA are present in equal amounts. 

Discussion.— These results permit the following conclusions to be drawn regard- 
ing DNA replication under the conditions of the present experiment. 


1. The nitrogen of a DNA molecule is divided equally between two subunits which 
remain intact through many generations. 

The observation that parental nitrogen is found only in half-labeled molecul:s 
at all times after the passage of one generation time demonstrates the existence in 
each DNA molecule of two subunits containing equal amounts of nitrogen. The 
finding that at the second generation half-labeled and unlabeled molecules are 
found in equal amounts shows that the number of surviving parental subunits is 
twice the number of parent molecules initially present. That is, the subunits are 
conserved. 


2. Following replication, each daughter molecule has received one parental subunit. 

The finding that all DNA molecules are half-labeled one generation time after 
the addition of N'* shows that each daughter molecule receives one parental sub- 
unit.'* If the parental subunits had segregated in any other way among the daughter 
molecules, there would have been found at the first generation some fully labeled 
and some unlabeled DNA molecules, representing those daughters which received 
two or no parental subunits, respectively. 


3. The replicative act results in a molecular doubling. 
This statement is a corollary of conclusions 1 and 2 above, according to which 
each parent molecule passes on two subunits to progeny molecules and each progeny 
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molecule receives just one parental subunit. It follows that each single molecular 
reproductive act results in a doubling of the number of molecules entering into that 
act. 

The above conclusions are represented schematically in Figure 5. 

The Watson-Crick Model.—A molecular structure for DNA has been proposed 
by Watson and Crick."® It has undergone preliminary refinement'* without 
alteration of its main features and is supported by physical and chemical studies. !” 
The structure consists of two polynucleotide chains wound helically about a common 
axis. The nitrogen base (adenine, guanine, thymine, or cytosine) at each level 
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Fig. 5.—Schematie representation of the conclusions drawn in the text from 
the data presented in Fig. 4. The nitrogen of each DNA molecule is divided 
equally between two subunits. Following duplication, each daughter molecule 
receives one of these. The subunits are conserved through successive duplica- 
tions. 


on one chain is hydrogen-bonded to the base at the same level on the other chain. 
Structural requirements allow the occurrence of only the hydrogen-bonded base 
pairs adenine-thymine and guanine-cytosine, resulting in a detailed complemen- 
tariness between the two chains. This suggested to Watson and Crick’ a definite 
and structurally plausible hypothesis for the duplication of the DNA molecule. 
According to this idea, the two chains separate, exposing the hydrogen-bonding 
sites of the bases. Then, in accord with the base-pairing restrictions, each chain 
serves as a template for the synthesis of its complement. Accordingly, each daughter 


molecule contains one of the parental chains paired with a newly synthesized chain 
(Fig. 6). 
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The results of the present experiment are in exact accord with the expectations 
of the Watson-Crick model for DNA duplication. However, it must be emphasized 
that it has not been shown that the molecular subunits found in the present ex- 
periment are single polynucleotide chains or even that the DNA molecules studied 
here correspond to single DNA molecules possessing the structure proposed by 
Watson and Crick. However, some information has been obtained about the 
molecules and their subunits; it is summarized below. 


: 
: 


Fic. 6.—Illustration of the mechanism of DNA duplication 
proposed by Watson and Crick. Each daughter molecule con- 
tains one of the parental chains (black) paired with one new 
chain (white). Upon continued duplication, the two original 
parent chains remain intact, so that there will always be found 
two molecules each with one parental chain. 
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SECOND S 


The DNA molecules derived from EF. coli by detergent-induced lysis have a 
buoyant density in CsCl of 1.71 gm. em.-*, in the region of densities found for T2 and 
T4 bacteriophage DNA, and for purified calf-thymus and salmon-sperm DNA. A 
highly viscous and elastic solution of N'* DNA was prepared from a dodecyl sulfate 
lysate of E. coli by the method of Simmons! followed by deproteinization with 
chloroform. Further purification was accomplished by two cycles of preparative 
density-gradient centrifugation in CsCl solution. This purified bacterial DNA was 
found to have the same buoyant density and apparent molecular weight, 7 X 10°, 
as the DNA of the whole bacterial lysates (Figs. 7, 8). 


’ 
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Heat Denaturation.— It has been found that DNA from E. coli differs importantly 
from purified salmon-sperm DNA in its behavior upon heat denaturation. 

Exposure to elevated temperatures is known to bring about an abrupt collapse 
of the relatively rigid and extended native DNA molecule and to make available 
for acid-base titration a large fraction of the functional groups presumed to be 
blocked by hydrogen-bond formation in the native structure.'* 2! 22. Rice and 
Doty” have reported that this collapse is not accompanied by a reduction in molecu- 
lar weight as determined from light-scattering. These findings are corroborated by 
density-gradient centrifugation of salmon-sperm DNA.?* When this material is 
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Fic. 7.—Microdensitometer tracing of an Fic. 8.—The square of the width of the band 
ultraviolet absorption photograph showing the of Fig. 7 plotted against the logarithm of the 
optical density in the region of a band of N'* E. _ relative concentration of DNA. The divisions 
coli DNA at equilibrium. About 2 ug. of DNA along the abscissa set off intervals of 1 mm.*. In 
purified as described in the text was centrifuged — the absence of density heterogeneity, the slope at 
at 31,410 rpm at 25° in 7.75 molal CsClat pH 8.4. any point of such a plot is directly proportional 
The density gradient is essentially constant to the weight average molecular weight of the 
over the region of the band and is 0.057 gm./em.*. DNA located at the corresponding position in the 
The position of the maximum indicates a buoy- band. Linearity of this plot indicates monodis- 
ant density of 1.71 gm. ecm.~* In this tracing  persity of the banded DNA. The value of the 
the optical density above the base line is directly the slope corresponds to an apparent molecular 
proportional to the concentration of DNA inthe — weight for the Cs-DNA salt of 9.4 X 10°, cor- 
rotating centrifuge cell. The concentration of responding to a molecular weight of 7.1 < 10° for 
DNA at the maximum is about 50 yug./ml. the sodium salt. 


kept at 100° for 30 minutes either under the conditions employed by Rice and Doty 
or in the CsCl centrifuging medium, there results a density increase of 0.014 gm. 
em.~* with no change in apparent molecular weight. The same results are ob- 
tained if the salmon-sperm DNA is pre-treated at pH 6 with EDTA and sodium 
dodecyl! sulfate. Along with the density increase, heating brings about a sharp 
reduction in the time required for band formation in the CsCl gradient. In the 
absence of an increase in molecular weight, the decrease in banding time must be 
ascribed” to an increase in the diffusion coefficient, indicating an extensive col- 
lapse of the native structure. 
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Fic. 9.—The dissociation of the subunits of EZ. coli DNA upon heat 
denaturation. Each smooth curve connects points obtained by micro- 
densitometry of an ultraviolet absorption photograph taken after 20 
hours of centrifugation in CsCl solution at 44,770 rpm. The baseline 
density has been removed by subtraction. A: A mixture of heated and 
unheated N™ bacterial lysates. Heated lysate alone gives one band in 
the position indicated. Unheated lysate was added to this experiment 
for comparison. Heating has brought about a density increase of 
0.016 gm. cm. ~*and a reduction of about half in the apparent molecular 
weight of the DNA. 8B: Heated lysate of N"™ bacteria grown for one 
generation in N'4 growth medium. Before heat denaturation, the hy- 
brid DNA contained in this lysate forms only one band, as may be seen 
in Fig. 4. C: A mixture of heated N'4 and heated N™ bacterial lysates. 
The density difference is 0.015 gm. em.~* 


The decrease in banding time and a density increase close to that found upon 
heating salmon-sperm DNA are observed (Fig. 9, A) when a bacterial lysate 
containing uniformly labeled N' or N'4 E. coli DNA is kept at 100° C. for 30 
minutes in the CsCl centrifuging medium; but the apparent molecular weight of 
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the heated bacterial DNA is reduced to approximately half that of the unheated 
material. 

Half-labeled DNA contained in a detergent lysate of N" E. coli cells grown for one 
generation in N'* medium was heated at 100° C. for 30 minutes in the CsCl centri- 
fuging medium. This treatment results in the loss of the original half-labeled 
material and in the appearance in equal amounts of two new density species, each 
with approximately half the initial apparent molecular weight (Fig. 9, B). The 
density difference between the two species is 0.015 gm. em.~*, close to the increment 
produced by the N" labeling of the unheated DNA. 

This behavior suggests that heating the hybrid molecule brings about the dis- 
sociation of the N-containing subunit from the N'* subunit. This possibility 
was tested by a density-gradient examination of a mixture of heated N'* DNA and 
heated N'* DNA (Fig. 9, C). The close resemblance between the products of 
heating hybrid DNA (Fig. 9 B) and the mixture of products obtained from heating 
N' and N' DNA separately (Fig. 9, C) leads to the conclusion that the two 
molecular subunits have indeed dissociated upon heating. Since the apparent 
molecular weight of the subunits so obtained is found to be close to half that of the 
intact molecule, it may be further concluded that the subunits of the DNA molecule 
which are conserved at duplication are single, continuous structures. The scheme 
for DNA duplication proposed by Delbriick** is thereby ruled out. 

To recapitulate, both salmon-sperm and EF. coli DNA heated under similar 
conditions collapse and undergo a similar density increase, but the salmon DNA 
retains its initial molecular weight, while the bacterial DNA dissociates into the two 
subunits which are conserved during duplication. These findings allow two 
different interpretations. On the one hand, if we assume that salmon DNA con- 
tains subunits analogous to those found in FE. coli DNA, then we must suppose that 
the subunits of salmon DNA are bound together more tightly than those of the 
bacterial DNA. On the other hand, if we assume that the molecules of salmon DNA 
do not contain these subunits, then we must concede that the bacterial DNA 
molecule is a more complex structure than is the molecule of salmon DNA. The 
latter interpretation challenges the sufficiency of the Watson-Crick DNA model to 
explain the observed distribution of parental nitrogen atoms among progeny 
molecules. 

Conclusion.—The structure for DNA proposed by Watson and Crick brought 
forth a number of proposals as to how such a molecule might replicate. These 
proposals® make specific predictions concerning the distribution of parental atoms 
among progeny molecules. The results presented here give a detailed answer to 
the question of this distribution and simultaneously direct our attention to other 
problems whose solution must be the next step in progress toward a complete 
understanding of the molecular basis of DNA duplication. What are the molecular 
structures of the subunits of £. coli DNA which are passed on intact to each daughter 
molecule? What is the relationship of these subunits to each other in a DNA 
molecule? What is the mechanism of the synthesis and dissociation of the sub- 
units In vivo? 

Summary.—By means of density-gradient centrifugation, we have observed the 
distribution of N' among molecules of bacterial DNA following the transfer of a 
uniformly N'-substituted exponentially growing F. coli population to N'* medium. 
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We find that the nitrogen of a DNA molecule is divided equally between two physi- 
cally continuous subunits; that, following duplication, each daughter molecule 
receives one of these; and that the subunits are conserved through many duplica- 
tions. 


* Aided by grants from the National Foundation for Infantile Paralysis and the National In- 
stitutes of Health. 

+t Contribution No. 2344. 

1 R. D. Hotehkiss, in The Nucleic Acids, ed. E. Chargaff and J. N. Davidson (New York: 
Academic Press, 1955), p. 435; and in Enzymes: Units of Biological Structure and Function, ed. 
O. H. Gaebler (New York: Academic Press, 1956), p. 119. 

2S. H. Goodgal and R. M. Herriott, in The Chemical Basis of Heredity, ed. W. D. McElroy and 
B. Glass (Baltimore: Johns Hopkins Press, 1957), p. 336. 

3$. Zamenhof, in The Chemical Basis of Heredity, ed. W. D. McElroy and B. Glass (Baltimore: 
Johns Hopkins Press, 1957), p. 351. 

* A.D. Hershey and M. Chase, J. Gen. Physiol., 36, 39, 1952. 

5 A. D. Hershey, Virology, 1, 108, 1955; 4, 237, 1957. 

6 M. Delbriick and G. 8. Stent, in The Chemical Basis of Heredity, ed. W. D. McElroy and 

. Glass (Baltimore: Johns Hopkins Press, 1957), p. 699. 

7 C, Levinthal, these PROCEEDINGs, 42,.394, 1956. 

* J. H. Taylor, P. 8. Woods, and W. L. Huges, these PRocEEDINGs, 43, 122, 1957. 

*R. B. Painter, F. Forro, Jr., and W. L. Hughes, Nature, 181, 328, 1958. 

” M.S. Meselson, F. W. Stahl, and J. Vinograd, these PRocEEDINGs, 43, 581, 1957. 

1! The buoyant density of a molecule is the density of the solution at the position in the centri- 
fuge cell where the sum of the forces acting on the molecule is zero. 

12 Our attention has been called by Professor H. K. Schachman to a source of error in apparent 
molecular weights determined by density-gradient centrifugation which was not discussed by 
Meselson, Stahl, and Vinograd. In evaluating the dependence of the free energy of the DNA 


component upon the concentration of CsCl, the effect of solvation was neglected. It can be shown 
that solvation may introduce an error into the apparent molecular weight if either CsCl or water 
is bound preferentially. A method for estimating the error due to such selective solvation will 


be presented elsewhere. 

13 In addition to NH,Cl, this medium consists of 0.049 M Nas.HPO,, 0.022 M KH.PO,, 0.05 M 
NaCl, 0.01 M glucose, 10~* M MgSO,, and 3 X 10°~* M FeC\;. 

14 This result also shows that the generation time is very nearly the same for all DNA mole- 
cules in the population. This raises the questions of whether in any one nucleus all DNA mole- 
cules are controlled by the same clock and, if so, whether this clock regulates nuclear and cellular 
division as well. 

6 F. H.C. Crick and J. D. Watson, Proc. Roy. Soc. London, A, 223, 80, 1954. 

6 R, Langridge, W. E. Seeds, H. R. Wilson, C. W. Hooper, M. H. F. Wilkins, and L. D. Hamil- 
ton, J. Biophys. and Biochem. Cytol., 3, 767, 1957. 

7 For reviews see D. O. Jordan, in The Nucleic Acids, ed. E. Chargaff and J. D. Davidson 
(New York: Academic Press, 1955), 1, 447; and F. H. C. Crick, in The Chemical Bass of Heredity, 
ed. W. D. McElroy and B. Glass (Baltimore: Johns Hopkins Press, 1957), p. 532. 

'8 J. D. Watson and F. H. C. Crick, Nature, 171, 964, 1953. 

1§ C. E. Hall and M. Litt, J. Biophys. and Biochem. Cytol., 4, 1, 1958. 

*” R. Thomas, Biochim. et Biophys. Acta, 14, 231, 1954. 

21 P. D. Lawley, Biochim. et Biophys. Acta, 21, 481, 1956. 

228. A. Rice and P. Doty, J. Am. Chem. Soc., 79, 3937, 1957. 

23 Kindly supplied by Dr. Michael Litt. The preparation of this DNA is described by Hall 
and Litt (J. Biophys. and Biochem. Cytol., 4, 1, 1958). 

24M. Delbriick, these PRocEEDINGs, 40, 783, 1955. 





SIGNIFICANT STRUCTURES IN THE LIQUID STATE. 
By Henry Eyrine, Tarkyue Ree anp Nismo Hrrai 


DEPARTMENT OF CHEMISTRY, UNIVERSITY OF UTAH 


Communicated May 23, 1958 


The mechanical properties of solids can be understood only by taking proper 
account of the imperfections present in the crystal lattice. Such lattice imper- 
fections are so important in the liquid as to be an essential part of any description 
of this less ordered state. When a normal liquid such as argon melts, it expands 
12 per cent. Such an expansion is typical. The atypical 10 per cent contraction 
of ice upon melting can be made to disappear if one first applies some 2,500-atm. 
pressure, at an appropriate temperature, to the hydrogen-bonded tetrahedral ice 
I and so transforms it into close-packed ice III, which is a fifth more dense. Ice 
III then melts with a normal 10 per cent expansion. Anhydrous salts such as 
sodium chloride melt with about the normal 10 per cent expansion. Metals such 
as sodium melt with about a 3 per cent expansion. This small expansion on melt- 
ing of metals was long ago interpreted! as a consequence of the small size of the 
ion formed from atoms which no longer localize their conducting electrons. The 
ion, being only about one-third atomic size, requires only a third the expansion of 
normal liquids on melting to provide the same number of vacant sites and there- 
fore the same increased disorder, which leads to melting. 

To account for the properties of the liquid state in general and of melting in 
particular, we require a model. We shall describe our procedure for arriving at 
this model as the identification of significant structures. A simple example will 
clarify the procedure. 

Suppose we wish to calculate the thermodynamics of iodine in the gaseous state 


at a temperature at which the diatomic molecules are partly dissociated into atoms. 


Clearly, there are two significant struetures—diatomic molecules and atoms—and 
the partition function for the whole is a product of partition functions for the 
molecules and for the atoms. Now, since a diatomic molecule and a monatomic 
one contribute equally to the pressure, the pressure at any temperature measures 
the total number of diatomic plus monatomic molecules per cubic centimeter. 
A knowledge of the density, together with the pressure, fixes the composition and 
thereby all thermodynamic properties. For example, the energy, like the pres- 
sure, follows immediately from the composition in the iodine system. The com- 
position is fixed by the easily formulated requirement that molecules and atoms 
be at the same chemical potential. Knowing the composition, the partition fune- 
tion is expressible in terms of the independent variables V and 7, so that all the 
thermodynamic properties of the system become readily calculable. The key to 
success in this procedure is the recognition of the two significant struectures—iodine 
molecules and iodine atoms. 

We proceed to develop the method of significant structures for the liquid state. 
Figure 1 shows a partial dislocation extending from top to bottom through the 
middle of the figure. The nine molecules to the left (west) of the dislocation occupy 
what we will call a sites, while the nine molecules on the right (east) occupy b 
sites. If the distance between centers of close-packed neighboring molecules be 
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indicated by d, one can see that molecules on a sites bordering the dislocation can 
shift to adjacent empty b sites by moving northeast a distance d/+/3. Similarly, 
molecules on 6 sites next to the dislocation can move to empty neighboring a 
sites by proceeding southwest a distance d/1/3. Such molecular displacements 
merely shift the position of dislocations without creating or destroying them. 
This shifting of molecular positions we call a-to-b transitions or b-to-a transitions, 
as the case may be, and write for them, as for chemical reactions, the expressions 
a — b and b — a, respectively. When an a > b or b > a transition occurs, there 
is an elastic readjustment of all neighbors, with a net storage or release of energy. 
Long, narrow passageways in glass like the dislocation in Figure 1 have long been 
known to exist. Thus Pyrex leaks helium, which has a diameter of 2 A and is 
impervious to H. with a diameter of 2.5 A as wellas larger molecules. Soft glass 


7 ee 


Fic. 1.—Model of type dislocations present in the liquid state 


has its passageways partly obstructed, as helium does not leak through it. Water 
containing sulfuric acid when frozen into glass and irradiated has been observed? 
to give hydrogen atoms at twenty times the yield obtained from crystalline ma- 
terials similarly treated. Escape passageways in the glass would explain the 
difference. When sulfuric acid is replaced by phosphoric and some other acids, 
the differences in hydrogen yield almost disappear. Since a glass is presumably a 
metastable liquid with the passageways frozen in, it is to be expected that such 
passageways would be present in the liquid. 

Thus we are led to identify three significant structures in the liquid state. The 
first structure is that of molecules with solid-like degrees of freedom. Thus in 
the direction of one or more degrees of freedom the molecule is bonded and re- 
strained to an equilibrium position much as if it were in the sclid state. Second, 
we recognize positional degeneracy due to the presence of vacant sites accessible 
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to a molecule at the price of storing up more or less elastic energy due to structural 
distortion as the molecule shifts to the new equilibrium position. Third, we must 
recognize that molecules which have escaped in one direction at least from fitting 
into the potential well made by neighbors may, in this liberated freedom, move 
much like a gaslike degree of freedom. Having recognized these significant struc- 
tures, as was done in the iodine case, it still remains to estimate their concentrations. 

X-rays indicate that the distance between near neighbors is closely the same for 
liquids as for solids, in spite of the over-all expansion. Thus it is natural to attrib- 
ute the bonding energy to solid-like degrees of freedom and to attribute lack of 
bonding energy to gaslike degrees of freedom associated with localized loosening 
of the structure. 

If we represent the energy of sublimation of the solid at the melting point by 
E,, then the energy of vaporization of the liquid should be F,V,/V, where V, is 
the volume of the solid at the melting point and V is the volume of the liquid. 
This follows because V,/V is the average fraction of the space around a molecule 
filled by other molecules and is therefore the fractional degree of bonding of the 
liquid compared to the solid. 

Just as in the iodine case the total bonding energy measures the fraction of the 
atoms which are present in molecular degrees of freedom, so in the liquid, we as- 
sume, the bonding energy measures the fraction, V,/V, of solid-like degrees of 
freedom. The remaining fraction (V-V,)/V we take to be gaslike. 

As a result of these considerations, we write for the partition function, f, of a 
normal liquid such as argon thus: 


eVN 


y §(2amkT)” : \ N(V—V,) 
lA J - A 


f = 4( —_ ee? r) 3oEs RT(] + ne? a) aid 


(1) 
Here n, is the number of equilibrium sites accessible to a molecule in addition to 
its single most stable position; a/n, is the strain energy stored in the system as 
the molecule shifts to one of the n, sites. Undoubtedly, a n, should be written 
as a/(n, + 4) since the strain energy when n, is zero is very large but not infinite. 
However, to evaluate 6 experimentally would involve a detailed knowledge of 
the glassy state not presently available. 

The term eV/N in equation (1) comes from dividing the volume (V — V,), 
available to gaslike molecules, by the number of gaslike molecules, VN(V — V,)/V, 
and multiplying by the factor e, yielding the communal entropy associated with 
gaslike degrees of freedem. Such considerations involve making the assumption 
that gaslike degrees of freedom distribute themselves in such a way as to share 
communally the available volume, V — V,. The factor eV /N in equation (1) like- 
wise follows from the equality: 


2 kT)” N(V—V,)/I (QaMkT)' N(V—V,)/V 
( os i vo) (N(V—V,)/V)!-! = ({ wv v) 
,3 


6, E,, and V, are the Einstein characteristic temperature, the energy of sublima- 
tion, and the volume of the solid, all measured at the melting point. We can regard 
these three quantities as parameters calculated from a quantum-mechanical treat- 
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ment of the solid state or as experimental solid-state parameters. The two new 
parameters characteristic of the liquid state are the extra sites per molecule, np, 
added in the liquid and the strain energy, a/n,, required to occupy these sites. The 
pressure effect on viscosity would lead us to expect the formula 


n, = n(V — V,)/V; s) (2) 
for the number of holes, whereas 


n, = 10(V — V;,)/V; (3) 


gives a better account of thermodynamic properties. Equations (2) and (3) 
would arise if seven and ten new equilibrium positions, respectively, arose each 
time the liquid volume, V, was increased by an amount V,. A consideration of 


Figure 1 will convince one that these numbers are about right. 
For the energy of distortion we require 


a/n, = 0.00285 E,V,/(V — V;), (4) 


where again it can be said that the linear dependence of strain energy on the in- 
verse of the concentration of holes is a reasonable, if oversimplified, relationship, 
as is the magnitude of the proportionality factor 0.00285. 

Returning to equation (1), one justifies the assumption that the extra volume 
V — V,is available to gaslike motions in spite of the degeneracy of solid-like degrees 
of freedom because all structures exclude the same volume, V,. The strain energy, 
a/n,, becomes negligible in its effect as volume and temperature increase. Thus 
in the neighborhood of the critical point, the term n, exp(-a/n,RT) reduces to nz. 

The partition function (1), with the values for the parameters n, and a given by 
equations (3) and (4), permits the calculation of all thermodynamic properties for 
a normal liquid. The solid parameters used for the rare gases are listed in Table 1. 

Some properties calculated for argon are tabulated in Tables 2—4. 


TABLE I 
So_ip PARAMETERS AT MELTING PoINT 
Neon Argon Krypton Xenon 
Energy of sublimation, EZ, (cal. ) 447.4 1,888.6 er | 3,897.7 
Solid volume, V, (cc.) 13.98 24.98 28 36.5 
Einstein characteristic temperature 44.7 60.0 45 39.2 


TABLE 2 
MELTING-Pornt Data ror Liquip ARGON 
Calculated Observed 
Volume (ce. ) 28 00 28.03 
Vapor pressure (atm. ) 0.662 0.674 
Temperature (° K.) (83.85) 83.85 
Melting entropy (e.u. ) 3.66 3.35 


TABLE 3 
BoruinG-Point Data FoR ARGON 
Calculated Observed 
Liquid volume (cc. ) 28.48 28.69 
Pressure (atm. ) 1.05 1.00 
Temperature (° K.) (87.44) 87.44 
Vaporization entropy (e.u. ) 19.33 17.85 
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In Tables 2 and 3 the properties were calculated for the observed melting and 
boiling temperatures rather than for atmospheric pressure, which would have been 


only somewhat more laborious. To find the phases in equilibrium with each other, 
we plot A = — kT Inf for any desired 7 as a function of V and find the multiple 
tangent. The volumes at the various points of tangency are the volumes of the 


corresponding phases at the pressure given by the slope of the tangent. The tan- 
gent intercepts the axis A at the commen Gibbs free energy for the various phases. 
Except at the triple point, a tangent line has, at most, two points of tangency. 
Tangents which cut the curve, A versus V, at any point correspond to a metastable 
state at the point of tangency which is not realizable as an equilibrium state but 
may be realizable kinetically. 


TABLE 4 
CriticaL-Point Data or ARGON 


CALCULATED ALCULATED 
n= 10 WALTER) OBSERVED 


Volume (ce.) car 81.0 78.7 75.26 
Temperature (° K. 54.- 150.5 154.2 150.66 
Pressure (atm. ) 58.7 58.1 59.4 48.0 


In Table 4 the values n = 6 and n = 10 refer to the respective values chosen for 
n in equation (2). The calculated critical properties depend only on the single 
liquid parameter n, since the distortional energy has become negligible at these 
volumes and temperatures. Calculated values in this and subsequent tables 
under the heading ‘‘Walter’’ come from one of two publications with that author 
and A. E. Stearn.** The Walter-Eyring partition function is conceptually similar 
to the partition function developed here and has been very successfully used in 
calculating the thermodynamic properties of liquids. The present development, 
however, represents a definite formal and conceptual simplification and improve- 
ment. 

In Tables 5, 6, and 7 our calculated critical properties for neon, argon, krypton, 
and xenon are compared with Walter, Stearns, and Eyring’s values and with the 
observed values. In these cases n in equation (2) was taken equal to 6, and the 
solid parameters used are given in Table 1. The slight changes obtained when n = 
10 did not seem of sufficient interest to calculate at this time. 


TABLE 5 
CriticaL TEMPERATURES (°K) 
n ; Walter Observed 
Neon xx 418.0 44.47 
Argon } 154.2 150.66 
Krypton 208 . 3: 215.0 210.6 
Xenon 287 |! 303 289.8 


TABLE 6 
CRITICAL PRESSURES (atm.) 
n 6 Walter Observed 
Neon 37.65 35 26.86 
Argon 58.72 5s 48.00 
Krypton 69.68 if 54.24 
Xenon 74.89 75.6 58.2 
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TABLE 7 
CriticaAL VoLuMEs (cc.) 
n= 6 (Walter) Observed 
Neon 43.48 19.0 41.74 
Argon 77.69 78.7 75.26 
Krypton 88 .32 81.0 ; 
Xenon 113.52 112.0 113.8 


The critical properties above were calculated algebraically in the usual way, 


(.) (5 ’) (= ) 
#! weet | : =, om = O. 
OV /r OV/r OV*/ > 


The method of significant structures thus leads to a simple and surprisingly success- 


using 


ful reduced equation of state for normal liquids. The deviations from experiment, 


particularly in the pressure, are such as would arise from insufficient account of 


clusters of molecules in the saturated vapor. Such clusters are known to exist. 
Extension of our partition function to abnormal liquids and to metals and molten 
salts are in progress along lines that have previously been found successful, using 
the Walter-Eyring partition function. 

The authors wish to express appreciation to the National Science Foundation 
and one of them (N. H.) to the Research Corporation for their generous support. 

1 R. H. Ewell and H. Eyring, J. Chem. Phys., 5, 726, 1937. 

? Ralph Livingston, private communication. 

3 J. Walter and H. Eyring, J. Chem. Phys., 9, 393, 1941. 


4H. Eyring, J. Walter, and A. E. Stearn, in Surface Chemistry, (Washington, D. C.: American 
Association for the Advancement of Science, 1943), No. 21, p. 88. 


THE MODE OF PROTONATION OF AMIDES 
By GIDEON FRAENKEL AND CARL NIEMANN 


GATES AND CRELLIN LABORATORIES OF CHEMISTRY, CALIFORNIA INSTITUTE OF TECHNOLOGY, * 
PASADENA, CALIFORNIA 
Communicated May 16, 1958 

The relative basicities of oxygen versus nitrogen in amides is a problem which 
has not been satisfactorily resolved. However, it might be anticipated from con- 
siderations of resonance and structural parameters that in strongly acidic solutions 
the proton will attach to oxygen rather than to nitrogen, to give I rather than IT: 

+ + +- 
HO—C=N—-; HO—C—N O=—C—NH 


(1) (II) 


It is generally recognized that amides are monoprotonated in 100 per cent sul- 
furic acid. For example, O’Brien and Niemann! reported 7-factors of 2.0, 2.7, 2.0, 
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~ Doublet 
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Methine hydrogen 
# Methyl hydrogens. 
** Methylene hydrogens. 
tt Sextuplet. 
tt N-H chemical shift. 
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2.9, and 1.9 for benzamide, glycinamide, trichloroacetamide, benzoylglycinamide, 
and phthalimide, respectively, in this solvent. Similarly, in this study we have 
found the i-factors of N,N-dimethylformamide, N,N-dimethylacetamide, and 
acetamide to be 2.1, 2.1, and 2.0, respectively. Thus the problem is to locate the 
locus of protonation in singly protonated primary, secondary, and tertiary amides. 

Tertiary Amides.—It was thought that one might determine the site of proton- 
ation of a representative tertiary amide by examining the nuclear magnetic reso- 
nance (n-m-r) spectra of N,N-dimethylformamide in strongly acidic solutions. The 
pure liquid compound, as well as solutions of it in carbon tetrachloride and in water, 
has an n-m-r spectrum of three lines, one for the formyl hydrogen and a doublet 
for the methyl hydrogens. This splitting has been traced to a chemical shift be- 
tween the methyl groups which results from hindered rotation about the carbon- 
nitrogen bond considered in I and II.*?. In strong acids, if the proton attached to 
oxygen one might expect retention of the methyl doublet since the carbon-nitrogen 
bond would still have considerable double-bond character as indicated in I. On 
the other hand, protonation on nitrogen should yield free rotation about the carbon- 
nitrogen bond and therefore collapse of the doublet. In fact, the methyl splitting 
of N,N-dimethylformamide was preserved in a variety of strong acids, e.g., 12 M 
HCl, 48 per cent HBr, 0.1-10 1 HCIO,, including 100 per cent H»SO, and D.SO, 
(cf. Table 1).* 

It might be argued, in the case of the hydrogen acids, that N-protonation had 
occurred, the N-H proton splitting the methyl hydrogens by spin-coupling. Deu- 
terium couples very weakly,‘ especially through nitrogen.®° Accordingly, the n-m-r 
spectrum of N,N-dimethylformamide was observed in 100 per cent D.SOQ,. The 
magnitude of the methyl splitting in this as well as in all other media tried was rela- 
tively constant throughout. Whereas the absolute positions of the peaks varied 
from one solvent to the next, the difference between the chemical shift of formy] 
hydrogen and the methyl hydrogens was substantially constant, indicating that 
the methyl hydrogens and the formyl hydrogen were equidistant from the center 
of charge on the molecule. The behavior of N,N-dimethyleyclopropylearboxamide 
and N,N-dimethylisobutyramide also fell into this pattern. The methyl doublet 
of N,N-dimethylacetamide collapses reversibly in acidic solutions, from 0.1 M 
HCI1O, upward (cf. Table 1). 

Secondary Amides.—The n-m-r absorption spectrum of N-methylacetamide in 
the liquid state, in nonpolar media, and in water at pH 7 consists of three peaks, a 
singlet for acetyl methyl and a doublet for the N-methyl hydrogens, which collapses 
to a singlet in the presence of most acids and bases and in D.O. The effect of the 
first two types of solvents has been traced to a rapid exchange between N-H and 
solvent, i.e., the relaxation time for the N-methyl proton spins must exceed the 
half-life of N-H exchange.® ® Since deuterium spin-couples but weakly,* N-deu- 
tero-N-methylacetamide would be expected to yield a single peak for the N-methyl 
hydrogens. The N-H peak itself is weak and quadrupole-broadened and is observ- 
able only in the pure compound. 

In 96-100 per cent H.SO, the methyl doublet returns, as does the N-H absorp- 
tion. The doublet peaks are of equal amplitude with about the same separation 
as in the pure liquid. In D.SO, the N-methyl doublet again collapses. 

The above results again are consistent with O-protonation. There can be only 
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one proton on nitrogen, the other must be oa oxygen. Acetylglycine shows the 
same behavior. It can also be concluded that the bisulfate ion is a poor base for 
exchanging the N-H proton of secondary amides in sulfuric acid. 

Primary Amides.—The N-H proton magnetic resonance absorption of acetamide 
has been observed in saturated aqueous solutions at pH 7 and in 100 per cent sul- 
furie acid. Here, also, exchange of the N-H proton in sulfuric acid appears to be 
slow in comparison with its relaxation time. By measuring the areas under the ab- 
sorption peaks it has been possible tentatively to assign O-protonation of acetamide 
in 100 per cent sulfuric acid. This interpretation is in accord with that of Hantzch, 
based upon ultraviolet spectroscopy,’ and that of Huisgen and Brade,* based upon 
potentiometric pK determinations. 

Experimental.—All spectra were determined with the Varian 4300 B, 40-me., 
9,400-gauss n-m-r spectrometer, equipped with spinner and superstabilizer. Sam- 
ples were sealed in 5-mm. o.d. Pyrex tubes. Chemical shifts were calibrated by a 
combination of the method of side bands* and the use of toluene markers in cap- 
illary tubes as secondary standards. The cryoscopic measurements in 100 per cent 
sulfuric acid were conducted as described by O’Brien and Niemann.' The N,N- 
dimethyleyclopropylearboxamide was kindly supplied by Mr. David Schuster. 
All other materials were obtained by the purification of samples of commercial origin. 


The authors are indebted to Professor J. D. Roberts for his assistance during 
the course of this investigation. 

* Contribution No. 2337. 

1 J. L. O’Brien and C. Niemann, J. Am. Chem. Soc., 79, 1386, 1957. 

2H. 8. Gutowsky and C. H. Holm, J. Chem. Phys., 25, 1228, 1956. 

3 This phenomena has also been observed by Dr. W. D. Phillips, of the Central Research Depart- 
ment, E. I. du Pont de Nemours and Co., Wilmington, Delaware. 

+E. R. Andrew, Nuclear Magnetic Resonance (Cambridge: Cambridge University Press, 
1956), p. 145. 

5G. Fraenkel, unpublished observations. 

6 H. 8. Gutowsky, private communication. 

7 A. Hantzsch, Ber., 64, 661, 1931. 

8 R. Huisgen and H. Brade, Ber., 90, 432, 1957. 
* J.T. Arnold and M. E. Packard, J. Chem. Phys., 19, 1608, 1951. 


OCCURRENCE OF CHROMOSOMAL ABERRATIONS IN 
PRE-SPERMATOCYTIC CELLS OF IRRADIATED MALE MICE* 
By A. B. GRIFFEN 
ROSCOE B. JACKSON MEMORIAL LABORATORY, BAR HARBOR, MAINE 


Communicated by C. C. Little, May 23, 1958 


In both insects and mammals, only sperm which are mature at the time of irradi- 
ation are considered to form F; individuals, which bear major chromosome aberra- 
tions and particularly translocations. In the male mouse there is an initial period 


of approximately 1 month after the irradiation during which fertility remains 


good; offspring sired during this period bear appreciable numbers of genetic effects, 
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including mutations as well as gross chromosomal changes. Snell'~> and Hert- 
wig®~*® have shown that the fertile period is followed by one of sterility, the duration 
of which varies with the X-ray dosage; spermatogenesis ceases, and spermatogonia 
are few in number. A third period begins 6-8 weeks after irradiation, character- 
ized by the reappearance of spermatogonia (presumably from primordia in the 
lining of the tubules) and of normal spermatogenesis; mature sperm appear, and 
fertility approaches normal. Snell, Hertwig, and Russell! '' have observed that 
offspring produced during this lasting period of renewed fertility seldom showed 
the semisterility which is the classic indication of the presence of translocations 
and that mutations were infrequent; accordingly, it seems to have become a prac- 
tice of subsequent investigators to discard irradiated individuals after their initial 
fertile period, for the expense and space requirements of maintaining mice beyond 
their period of obvious usefulness are extremely great. There have been few data 
on offspring conceived after the sterility period of the irradiated male parent. 


TABLE 1 


DISTRIBUTION OF SEMISTERILE F, INDIVIDUALS THROUGH MAINTENANCE PERIOD OF IRRADIATED 
P, MALgEs 
MontTHS 
IRRADI- Kept Tora. SeMISTERILE F; anp Dare or BIRTH IN 
ATED AFTER F; MONTHS AFTER IRRADIATION OF PARENT 
P; Mae IRRAD. TESTED 2 3 4 5 6 7 8 
6 26 - l 
9 40 1 
9 62 , 
y 43 l 
Y 44 : 
9 62 
9 o4 
8 31 
8 28 
9 24 
10 45 
10 40 
y 29 
10 28 
10 29 
10 25 
10 33 
1] 53 
706 


In a project currently pursued by the writer, one portion of the study has re- 
quired the production of chromosome aberration which serve as cytological markers 
for chromosome identifications in germinal and tumor cells. Young males from a 
base stock carrying the dominant sex-linked gene BENT-TAIL were irradiated at 
a total dosage of 700 r. from a beryllium window tube operated at 90-100 KVP 
and with filtration provided by 1 mm. of aluminum and 0.25 mm. of copper. Only 
the region of the testes was treated, the rest of the body being shielded with 1 mm. 
of lead. Immediately after the irradiation, each male was mated to four or more 
females of one of several standard inbred lines, including BALB/c, C57BL/6, and 
BR /ed, all of which have high fecundity. All F, individuals produced during the 
first 2 months in these matings were tested for semisterility, the indicator for 
chromosomal aberrations capable of producing aneuploid gametes (Snell, Hertwig, 
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Translocation of chromosomes B and D (linkage groups III and XI) of the mouse. Land R 
indicate the left and right map ends of the chromosomes. 


Koller,'!? Russell). Numerous translocations were detected and have been estab- 
lished in breeding stocks. 
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Most of the 180 irradiated animals were discarded during their period of post- 
irradiation sterility; but 20 of the animals were held for further exploratory study. 
Each of these individuals was maintained for 6-11 months after the time of irradi- 
ation, and all offspring were tested for semisterility. Two proved to be per- 
manently sterile, while the remaining 18 produced a total of 706 offspring which 
lived through the testing period. Of the 95 F; individuals showing semisterility, 
26 were born 6 months or more after the time of the parent’s irradiation, clearly 
beyond the time when sperm which were mature at the time of irradiation might still 
remain in the vasa and epididymes of the parents; it is therefore concluded that the 
sperm bearing the aberrations were produced from cells which received the ir- 
radiation in spermatogonial and even in pre-spermatogonial stages. For con- 
venience, the term “‘pre-spermatocytic stages’? is suggested as an inclusive one. 
Table 1 summarizes the data obtained from the 18 test individuals. 

In order to determine conclusively whether the semisterility in the late-born indi- 
viduals is caused by major chromosomal aberrations, breeding Fk: males were sacri- 
ficed from a line whose semisterile parent was born 7 months after the P; irradi- 
ition. Not only was a translocation found to be present, but it has further been 
shown to involve linkage groups III and XI. Figure 1 illustrates the transloca- 
tion in a photomicrograph and in two drawings. 

These findings have considerable significance in problems concerning the irradi- 
ation of humans. On the basis of past experimentation with the mouse, it has been 
assumed that aberrations are rare in gametes produced by irradiated spermato- 
gonial cells (but mutations may be present). It has been further assumed that, 
after the exhaustion of gametes irradiated in post-spermatogonial stages, human 


procreation can be carried out with reasonable assurance that aberrations will not 
be passed to the offspring. Russell'! summarizes the situation carefully. The 
present pilot study indicates that for the mouse, and presumably for man, there 
is no period of safety after irradiation; translocations and perhaps other aberrations 
in dangerous numbers may be transmitted for a long period after the irradiation. 
The extent of this period in the mouse is sought, along with a possible extrapolation 


for man, in further studies now in progress. 


* This investigation is part of a program supported by USPH Grant C-1912 from the National 
Institutes of Health, by grant Instr. 70 from the American Cancer Society, and by a grant from 
the Elsa U. Pardee Foundation. 

'G. D. Snell, Proc. 6th Intern. Cong. Genetics, Brooklyn Botanic Garden, 2, 188, 1932. 

2G. D. Snell, Am. Naturalist, 67, 24, 1933. 

3G. D. Snell, J. Exptl. Zodl., 65, 421, 1933. 

*G. D. Snell, Am. Naturalist, 68, 178, 1934. 

5G. D. Snell, Radiology, 36, 189, 1941. 

6 P. Z. Hertwig, Induct. Abstain. u. Vererb., 70, 517, 1932. 

7 Z. Hertwig, Biol. Zentr., 58, 273, 1938. 

8 Z. Hertwig, Arch. expll. Zellforsch., 22, 68, 1938. 

* Z. Hertwig, Z. Induct. Abstain. u. Vererb., 79, 1, 1940. 

0 W.L. Russell, Radiation Biology, 1, Part 2, 825, 1954 

1 W. L. Russell, Bull. Atom. Scient., 12, 1, 1956. 

2 P_C. Koller, Genetics, 29, 247, 1944. 





SPACES FOR WHICH THE RICCI SCALAR R IS EQUAL TO ZERO 
By Luruer P. EISENHART 


PRINCETON UNIVERSITY, PRINCETON, N. J. 


Communicated February 3, 1958 


The following study was made with the thought that the results might be of use 
in dealing with the so-called time symmetric gravitational wave solutions of Ein- 
stein’s field equations.' At the time of symmetry, 7’ = 0, the space part of the 
metric is arbitrary except for one condition, its Ricci scalar R is equal to zero. 

1. The paper deals with a 3-space with positive definite quadratic form in terms 
of an orthogonal family of hypersurfaces, that is 


ds? = >> g,,(dx;)?. (1) 


1 


For this quadratic form the components F,,;,, of the Riemann tensor are given by? 
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where h, 7, and / are different. 
The components R;, of the Ricci tensor are given by* 
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For the quadratic form (1) the contravariant components g" are given by4 
| { S s 


From (2) and (3) the Rieci scalar R, defined by 


al 
R= dog"R;, = >. R 


i Gii 


has the expression 
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For R = 0 the right-hand member of equation (4) equated to zero may be given 


the form 
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From the form of this equation it follows that the expressions in brackets are not 
changed when +/@;; for? = 1, 2,3 are replaced by e,4/9;:, where the e’s are arbitrary 


constants. This fact may be used with solutions of equations (5) obtaimed below 


2. Take 
b t 
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where the a’s, b’s, and c’s are constants. For these expressions equation (5) is 
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From the form of this equation it follows that for any set of values of the a’s, b’s, 
and c’s for which the expressions in brackets in equation (7) are equal to zero, the 
expressions (6) for these values are a solution of equation (5). 

Several solutions are given herewith. 
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horé, = ¢, = } 1, 2, 3) one has b, = 1, for which, from (6), 
Vou = 22, V4 2 = 3, V 933 = X. 
For a; = O(¢ = 1b 2,.3), G& = be, cs = hh, Gy = be, one has ¢; = 
(¢ = 1, 2, 3), for which, from (6), 
V 911 = (Xor3)?/, V ge = (X32)?! V 933 = (2; %)7/s. 


For b; = c; = a (it = 1, 2, 3), where a is an arbitrary constant, one has a; = 
» — 1, for which, from (6), 
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There is another approach to the problem, when it is noted that, in accordance 
with (6), the multipliers of the brackets in equation (7) are, respectively, 
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Since equation (7) is not a condition upon the z,, the a;, b;, and ¢; must be such that 
the above quantities are the same. The necessary and sufficient conditions for this 
are 

ay + 1 = Co = bs, ade + 1 = by = €3, a3 + 1 = gq = bo. (11) 


When these expressions for the 6’s and c’s in terms of the a’s are substituted in the 


brackets in equation (7) and the sum of the brackets in equation (7) is equated to 
zero, the result is 


(a; + 1)? + (a2 + 1)? + (a3 + 1)? = O. 
From this result and (11) it follows that 
a,+1=0,),=0,¢,=0 = 
from which and (6) one has 
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where a; (¢ = 1, 2, 3) and b are constants. For these expressions equation (5) is 
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This equation is satisfied by a; = 1, b = 1, and 
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ao? + a3? + ara3 — dy — a3 = 0. (15) 
Hence 
/ . 
Vou = t2 + 23, Age = 21%, W933 = 11% (16) 
for any values of a, and a; satisfying equation (15). 

Since a’s and b’s must be such that equation (14) does not impose a condition upon 
the x’s, it is necessary and sufficient that equation (15) hold and a, (a, — 1) = 0 and 
b(b — 1) = 0. Hence, in addition to the above case a; = b = 1, there are three 
cases 


a =b=0,a, =0,6=1.q=1,6=0, 


with the respective expressions for 7/91 from (13), namely, 


V gu = 2; V 911 = 1+ 23; V gui = +1, 


and expressions for +/g2 and +/g33 from (13) for values of a, and ay; satisfying 
equation (15). 

1 J. Weber and J. A. Wheeler, Rev. Mod. Phys., 29, 509, 1957. 

2 Ibhid., p. 32. 

3 L. P. Eisenhart, Riemannian Geometry (Princeton, N.J.: Princeton University Press, 1926, 
1949), p. 44. 

* [bid., p. 44. 


ON THE OPERATIONAL CALCULUS WITH 
DIFFERENTIABLE FUNCTIONS 


By LEopoLpo NACHBIN* 


INSTITUTE FOR ADVANCED STUDY, PRINCETON, NEW JERSEY, AND 
INSTITUTO DE MATEMATICA PURA E APLICADA, RIO DE JANEIRO, BRAZIL 


Communicated by A. Adrian Albert, May 12, 1958 


In the present note, we shall consider a category of topological algebras! which 
present themselves naturally in the study of the general concepts of “differentiable 
without imposing the usual restriction 


” 


functions” and of ‘‘differentiable spaces, 
of local euclideanness. We investigate here the question as to when topological 
algebras have an operational calculus with n-continuously differentiable functions; 
and we find the category of topological algebras A which are locally convex with 
respect to the collection of its ideals J © A such that A/J is a pure algebra of dif- 
ferential order < n + 1 as a largest solution to the question, in a sense made precise 
in the statement of the theorem below. 

We shall denote by C”(R) the topological algebra of all real functions f on the 
real line R having continuous derivatives up to the order n included, this algebra 
being endowed with the topology of order n, that is, of the uniform conver- 
gence of f,..., f"’ on every compact subset of R. We shall also denote by P(R) 
the sub-algebra of all real polynomials on R. 

A topological algebra A is said to have an operational calculus with C"(R) when 
A satisfies the Hausdorff separation axiom and there is a continuous mapping 


“(n) 
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C"(R) X A > A denoted by (f, x) > f(x) such that, whenever f ¢ P(R), then (fr) 
has its purely algebraic value. Such a mapping is then unique, by the Weier- 
strass theorem. More generally, we shall say that A has a pre-operational calculus 
with C"(R), provided that the natural mapping P(R) X A — A given by (f, 2) > 
f(x) is continuous as soon as P(R) is endowed with the topology of order n induced on 
it by C”(R). 

By a “local algebra” we shall mean an algebra with a unique maximal ideal. 
We shall say that an algebra A is of “finite differential order’ when A isa direct sum 
of a finite number of ideals A;,.. ., A,, which are local algebras whose maximal 
ideals M,,..., M, satisfy M," = ... = M,” = 0 for some integers n,,...,n, > 1. 
Alternatively, it is equivalent to request that A should have a finite number of 
maximal ideals and a nilpotent radical.2. Such a direct sum decomposition is 
unique, apart from the ordering. In case n,,..., mn, are requested to be the least 
such integers, then n = }°n; is called the differential order of A. 

We shall say that an algebra A is “separated” if, for every xe A, x ¥ 0, there is 
a pre-norm of algebra z on A such that (2) # 0; in other words, in case the natural 
topology of A defined by all pre-norms of algebra on A satisfies the Hausdorff 
separation axiom. The algebra A will be called “pure” if all its maximal ideals 
are of co-dimension one. 

THrorem. Let @ be a category® of pure separated algebras whose radicals are 
nilpotent and n > 0 an integer. In order that every topological algebra A which is 
locally convee under itself* with respect to @ should have a pre-operational calculus 
with C"(R), it is necessary and sufficient that @ be a subcategory of the category D, . . 
of all pure separated algebras of differential order < n + 1. 

D, . 1 is therefore the largest category of pure separated algebras with nilpotent 
radicals assuring a pre-operational calculus with C”(R) in the sense of the above 
statement. The requirement in the statement of the theorem that the algebras of 
€ be separated is not essential, as we may replace @ by the category of the separated 
algebras associated with the algebras of @, without affecting the situation. 

The proof of the theorem rests on the following result. 

LemMa. Let A be a pure separated algebra of differential order n + 1 and x(A) 
be the set of all pre-norms of algebra of A. If pe P(R) andr > 0, define 


'lp||, = sup{a[p(x)]; me (A), x € A, w(x) <r}. 


Then 


Cs > s 
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This lemma implies that the topology defined on P(R) by the family of pre-norms 
of algebra p > ||p)|, (r > 0) coincides with the one induced on P(R) by the topology 
of order n on C”(R). 

The above theorem may be extended to the operational calculus with functions 
of finitely or infinitely many variables. 
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* The work reported in this note was done while the author was a fellow of the John Simon 
Guggenheim Memorial Foundation on leave of absence from the University of Brazil, Rio de 
Janeiro. This work was sponsored in part by the Army Algebras Research Project No. 2 at the 
University of Chicago. 

' All algebras considered here are supposed to be commutative, with unit, over the field of real 
numbers. A pre-norm of algebra on the algebra A is a real function + on A such that x(x) > 0, 
mx+y) < w(x) + r(y), r(xzy) < w(x)r(y), r(Axr) = |A) x(x), e(J) = Lor. A topological al- 
gebra is assumed to have its topology defined by its continuous pre-norms of algebra. 

2See N. Jacobson, Structure of Rings (Coll. Pub. Am. Math. Soc., No. 37 [New York, 1956]). 

3 We assume that if U’ belongs to @ and U is isomorphic to V, then V belongs to @. 

*See L. Nachbin, these ProcEEpINGs, 43, 935-37, 1957. The algebras are considered as alge- 
bras of operators on themselves. 


CYTOLOGICAL AND CYTOCHEMICAL CHANGES IN LIVERS OF WHITE 
MICE FOLLOWING INTRAPERITONEAL INJECTIONS OF DNA 
PREPARATIONS FROM BREAST CANCERS OF AGOUTI C3H MICE* 
By Crcimnie LEUCHTENBERGER, PH.D., Rupo_tr LEUCHTENBERGER, M.D., AND 
EpwIin Uyek1, Px.D. 
INSTITUTE OF PATHOLOGY, WESTERN RESERVE UNIVERSITY, CLEVELAND 6, OHIO 


Communicated by Franz Schrader, May 23, 1958 


Introduction.—In 1957 J. Benoit, P. Leroy, R. Vendrely, and C. Vendrely'? 
reported changes in the characteristics of ducks of one breed following injections of 


deoxyribosenucleic acid (DNA) from another breed of ducks and stated that the 
modifications continued to be recognized in the progeny of the injected ducks. 
In view of the important implications which such observations may have for the 
role of the DNA as a genetic factor, we have started similar experiments, utilizing 
mice. 

Although our own investigations are by no means far enough advanced to per- 
mit any conclusions in regard to the transforming activity of DNA in mice, a find- 
ing made.incidentally during the course of these studies seems of sufficient signifi- 
cance to be reported in this communication. 

It was noted that livers of white mice (BALB/C and CF;)) displayed abnormal 
cytological and cytochemical alterations after repeated intraperitoneal injections 
of DNA prepared from breast cancers of agouti C;H mice. The alterations were 
not observed in controls or in white mice of the same strains after injections with 
DNA prepared from spleens and livers of the same C;H mice. 

Material and Methods.—Inbred strains of BALB/C mice of white color and low 
breast cancer incidence (less than 10 per cent) and of C;H mice of agouti color with 
high breast cancer incidence (95 per cent) were obtained from the Jackson Memorial 
Laboratories. The white CF; hybrid mice were obtained from the Carworth Farms. 
The BALB/C and the CF, mice were bred further in our own laboratories, while 
the breast-cancer-bearing C;H mice were sacrificed soon after their arrival and used 
for the DNA preparations. Livers, spleens, and the breast cancers were removed 
immediately after killing of the mice, and the DNA was prepared from each tissue 
according to the instructions of Vendrely and Vendrely.* Groups of newborn and 
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older mice from the BALB/C and CF; strains were injected intraperitoneally at 
repeated weekly intervals with the DNA preparations of the C;H mice. 

This report will be concerned only with groups of BALB/C and CF, mice which 
received their first DNA injection at the age of at least 3 months. Mice of the 
same age and sex were divided into four groups; the first group received DNA pre- 
pared from the breast cancer; the second, DNA from spleens; and the third, DNA 
from the livers. All three DNA preparations came from the same C;H mice. 
Each group received a weekly intraperitoneal injection of approximately 0.3 ce. 
Density Units (D.U.)* of DNA for 3-6 weeks. The mice of the fourth group were 
not injected but were kept as controls. 

At certain intervals after the injections, mice of each group were killed, and the 
organs were immediately removed and fixed in Lavdowsky’s fluid under stand- 
ardized conditions. Whenever possible, liver sections from control, spleen DNA- 
injected, liver DNA-injected, and breast cancer DN A-injected mice were mounted 
on the same slides so that simultaneous staining was possible. The PAS reaction 
for polysaccharides and Feulgen microspectrophotometry for the DNA deter- 
minations in individual liver nuclei were done as previously described.>* 

Results When BALB/C and CF, mice at 3-6 months of age received three to 
four weekly intraperitoneal injections of approximately 0.3 ec. D.U. of DNA® 
originating from the tumors of the C3;H strain, foci of unusually large atypical cells 
containing large nuclei and nucleoli, often multiple, were found scattered with 
varying frequency throughout the liver. Some of these bizarre cells were similar 
to the cell type observed in hepatomas, with chromatin which was frequently 
clumped and increased in quantity. Although extensive search of the livers re- 
vealed some mitotic figures, they were not too frequent; however, the microscopic 
appearance of many cells suggested an endomitotic or amitotiec process. 

When the PAS reaction for polysaccharides? was carried out on slides on which 
sections of control liver, liver from mice injected with spleen DNA, liver from mice 
injected with liver DNA, and liver of the mice injected with the tumor DNA were 
mounted simultaneously, a striking difference in the glycogen content of the cyto- 
plasm of the liver cells was noted. While the liver-cell cytoplasm of the controls 
and of the mice injeeted with liver DNA or spleen DNA showed an abundance of gly- 
cogen, the cytoplasm of the mice injected with the tumor DNA showed frequently 
a striking decrease and sometimes a complete absence of glycogen, particularly in the 
large, abnormal cell type. On the other hand, the nucleoli, which were PAS-nega- 
tive in the liver cells of the controls and of the spleen and liver DN A-injected mice, 
were strongly PAS-positive in the livers of the tumor DN A-injected mice, especially, 
again, in the abnormal cell types. The PAS positivity of the large nucleoli could 
be used as a convenient marker to study the distribution of the abnormal cell types 
within the liver parenchyma. The PAS reaction, which showed varying degrees 
of intensity in the nucleoli, also permitted the recognition of different structures 
within the nucleoli, such as small globules and fiber-like elements which were either 
PAS-negative or PAS-positive. 

When quantitative determinations of the DNA content in individual liver cells 
were carried out by Feulgen microspectrophotometry,® a marked increase and a 
larger scatter of the DNA values were found in the livers of mice injected with the 
DNA prepared from the breast cancers. The liver cells from mice injected with the 
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same or even larger doses of the DNA derived from the spleens or livers of the same 
C;H mice had essentially the same DNA values as did the ones of the non-injected 
controls. The increase in the DNA of the liver cells of mice was noted 
following the injections with tumor DNA, irrespective of whether mice were used 
in which the liver cells were predominantly diploid, tetraploid, or where ploidy 
formation from the tetraploid state to higher classes seemed to take place. An 
example of the latter in a control liver of a 6-month-old BALB/C mouse is given 
in Figure 2. 

In Figures 1 and 2, characteristic examples of the DNA data obtained in the 
livers by Feulgen microspectrophotometry are presented. It can be seen in Figure 
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Fic. 1.—DNA content in individual liver nuclei of a control mouse, a mouse 
injected with spleen DNA, and a mouse injected with tumor DNA. 


| that the livers of the control and spleen DNA-injected CF, mice have not only 
the same mean tetraploid value of approximately 6 arbitrary units but that there 
are also a very similar distribution and a narrow range of the DNA values within 
the individual liver nuclei. This picture is very different from the DNA values 
in the liver of the mouse which has been injected with the tumor DNA; here no 
definite mean value is present, but, instead, a larger spread of DNA values above 
the tetraploid DNA can be noted. These DNA values are similar to those found in 
actively dividing and proliferating tissues, such as tumors.’ Essentially the same 
findings are demonstrated in Figure 2, although, as mentioned above, the DNA val- 
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ues in the liver of the BALB/C control have a somewhat wider range, with a tend- 
ency toward a DNA peak near the octaploid value. 

Discussion.—While it is not possible at the present time to interpret fully the 
various findings in the livers of BALB/C and CF, mice after injections with the 
DNA prepared from tumors of C;H mice, nevertheless it is justifiable to state 
that the changes described point to a disturbance in the liver-cell metabolism. The 
occurrence of large, atypical cells with Jarge nuclei and nucleoli and increased 
amounts of DNA strongly suggests a change in the nucleic acid metabolism, indi- 
eating nucleic acid synthesis and proliferation of the cells, although the latter 
appears somewhat atypical because of the scarcity of mitosis. The decrease in 
glycogen and the presence of PAS-positive nucleoli suggest an additional de- 
rangement in the carbohydrate metabolism. Whether there is an interrelation- 
ship between the nucleic acid and carbohydrate disturbances in these cells remains 
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;. 2.—DNA content in individual liver nuclei of a control mouse 
and a mouse injected with tumor DNA. 


to be seen, although there may be an inverse relationship similar to what has been 
observed in the salivary gland cells of Helix pomatia by Leuchtenberger and 
Schrader.* 

The finding that the changes in the livers were noted, so far, only in mice which 
had been injected with tumor DNA, but not in those injected with DNA from spleen 
or liver derived from the same tumor-bearing mice, assumes special significance, 
since neither biochemical nor microspectrophotometric studies of the tumor, spleen, 
and liver DNA preparations revealed any significant differences between them. 
On the other hand, it is not too surprising that there exists a difference between the 
biological activity of the DNA derived from a tumor and of the DNA derived 
from a non-tumorous tissue. In recent years, evidence has been accumulated 
which indicates that the presence of a tumor in animals stimulates the nucleic acid 
and, in particular, the DNA metabolism of the normal organs of the host.’ 

C. Leuchtenberger, in 1954," using Feulgen microspectrophotometry, also re- 
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ported an increase and wide scatter of DNA values in liver cells of mice bearing the 
rapidly growing subcutaneously transplanted Sarcoma 180. The similarity between 
these DNA data in the livers of tumor-bearing mice and the DNA data in liver cells 
of mice after injection with DNA prepared from tumors is indeed so striking that 
it may be suggested that the DNA contained in the tumor cells is perhaps respon- 
sible for the change of the nucleic acid metabolism in the normal tissues of tumor- 
bearing animals. 

It is hoped that enzymatic studies which are under way will help to answer the 
question whether the biological activity is due to the tumor DNA itself, or whether 
the traces of proteins found in the DNA preparations (tumor, 0.8 wg. per D.U.; 
spleen, 0.3 ug. per D.U.; liver, 1.7 ug. per D.U.) may also be contributing factors. 
Regardless of the outcome of these studies, the fact remains that intraperitoneal in- 
jections of purified DNA preparations from tumor cells have a similar biological 
activity on normal tissues in vivo as has the presence of the tumor itself. While it 
is significant to find that the DNA from malignant tumor cells (breast cancer) 
displays a different biological activity from that of the DNA derived from non- 
tumorous tissues of the same animals, one is, of course, not justified to ascribe this 
activity to the malignancy per se. It may very well be possible that the activity 
of the tumor DNA is due to the fact that it is prepared from a rapidly dividing 
tissue. This is, however, not too likely a possibility, since the DNA from the 
spleen, which is also a dividing tissue, did not show such an effect on the liver. 
In order to explore this possibility further, we have prepared DNA from the em- 
bryonic tissue of the C;H mice. 

Another question, which also can be answered only in the future, concerns the 
fate of the atypical cells found in the liver after the tumor DNA injections. Will 
they progress to tumor formation (hepatomas), especially when the DNA injections 
are continued? Will perhaps partial resection leading to regeneration of liver 
tissue hasten the development of hepatomas? If the tumor DNA injections should 
ultimately produce tumors in normal tissues, then the concept that an aberrant 
DNA which may occur in cells due to virus infection, radiation, or other injuries 
may itself become a tumor-initiating factor will gain further support. Perhaps 
this approach may ultimately bring the long-sought answer to the question whether 
DNA itself can act directly as a tumor-promoting agent or whether it acts only in 
an indirect way as a mediator or cocarcinogen. 

Summary.—Livers of white BALB/C and CF; mice show cytological and cyto- 
chemical alterations after repeated intraperitoneal injections of DNA prepared 
from breast cancers of agouti C;H mice. The livers show foci of abnormally large 
cells containing large nuclei and large PAS-positive nucleoli. There is a decrease 


of the glycogen in the liver cytoplasm and an increase in the amounts of DNA in 


the liver nuclei. 
These alterations were not present in livers of control mice or mice similarly in- 
jected with DNA derived from spleen or livers of the same C3;H mice. 


The authors are greatly indebted to Drs. Colette and Roger Vendrely for making 
available to them a detailed description of the procedure for the preparation of the 
DNA. The authors also want to thank Mr. Allan Lerner and Miss Maria Maichle 
for their capable technical assistance. 
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A MECHANISM OF CELLULAR THERMOGENESIS IN 
COLD-ADAPTATION* 


By Rosert E. SmMirH AND ALAN S. FAIRHURST 
DEPARTMENT OF PHYSIOLOGY, UCLA SCHOOL OF MEDICINE, LOS ANGELES, CALIFORNIA 


Communicated by H.W. Magoun, {pril 25, 1958 


Introduction. The adaptation of the non-hibernating, homeothermic mammal to 
lowered ambient temperatures could be achieved in theory either by reduction of 
heat losses or by an increase in energy exchange and heat production. It is by now 
well established! that, in general, the cold-adapted mammal, including man,§7 
achieves this solution mainly by increasing its total metabolic energy production 
through higher caloric intake and increased oxygen utilization. Evidence from 


in vitro studies on slice® and liver brei!! is also adequate to show that this 
response reflects adaptive changes at the tissue and cell levels, indicating use 
of preferred metabolic pathways of substrate utilization and energy exchange '?~!* 
by the cold-adapted system. 

For optimal adaptation from the energetic standpoint, the required increase 
in heat evolution should be obtained by metabolic processes yielding the maximal 
heat compatible with the minimal requirements for basal maintenance work; 
whence the optimal system would appear to be one having, in terms of work, a 
relatively low efficiency, with a greater balance of its energy yield from substrate 
oxidation being diverted into a heat poo] rather than into its usual form of potential 
energy in the chemical bond. With this, it would follow that, in the formation of 
ATP," we should observe in the tissues of the cold-adapted rat a net decrease in 
phosphate fixation relative either to oxygen utilization or, implicitly, to total heat 


production. Under suitable experimental conditions this would appear as a 


decrease in the P/O ratio of the corresponding in vitro system. 

The studies reported in this paper were undertaken primarily to test the foregoing 
proposition and, contingent upon the outcome, to examine either the metabolic 
pathways by which the expected result was achieved or, alternatively, the mechanism 
by which the cells of the cold-adapted system might achieve the necessary heat 
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evolution at minimal energetic cost. In this the underlying assumption has been 
made that the existence of such a mechanism would be highly probable in view of 
its obvious phylogenetic survival value. 

The data presented here demonstrate that there is indeed a highly significant 
depression of the P/O ratio in liver mitochondria from the cold-adapted rat and 
that this is apparently not due to an increased degradation of ATP. Data are 
also presented on the extent of utilization by the cold-adapted animal of the poorly 
phosphorylating TPNH-cytochrome ¢ pathway for terminal electron transport. 
These results are discussed in terms of their possible relations to other pathways of 
an alternative nature and to cellular thermogenesis as an adaptive physiological 
response pattern of the cold-acclimatized mammal. 

Methods and Materials.—Adult male rats of the Long-Evans strain were used 
exclusively. These were maintained in individual cages on water and a special 
ration” containing, by analysis, 25 per cent protein, 4-5 per cent ether-extractable 
components, and well supplemented with minerals and co-factors 

At initial weights of 180-200 gm., animals were placed in the acclimatization 
cold room (2° C. + 1°) to be used only after 45-60 or more days of continuous 
exposure to the cold. Control individuals of the same age were maintained under 
identical caging and a maintenance temperature of 24°-27° C. All animals were 
routinely weighed weekly throughout and for a given set of experiments were 
paired off at sacrifice to match so far as practicable the sizes of the cold-adapted 
series to the same age batch. 

Procedures of killing and preparation of tissue were most carefully controlled 
in respect both to time sequences and to the pre-killing treatment of the animals; 
in the latter, the killing was always done in the cold room of residence, and particular 
care was taken to avoid alarming the animals. Killing was by manual decapitation, 
using first a stunning blow with the back edge of a cleaver followed by a decapitat- 
ing stroke, with a rapid excision of the liver within 30 seconds of the initial blow. 

Mitochondria were prepared from liver tissue by methods modified after that of 
Schneider,'* except that 9-12 gm. of excised liver were weighed, forced through a 
garlic press into three volumes of 0.25 M cold sucrose, and homogenized by 20 up- 
down strokes of a teflon pestle driven at about 750 rpm. The homogenate was 
centrifuged on the high-speed head of the International PR-1 at 0° C. at 950 xg. 
for 10 minutes. The supernatant was then given 10 minutes at 25,000 X g. and 
the pellet re-suspended by syringe into 15 ml. 0.25 M sucrose. This fraction was 
used in all P/O measurements and as the mitochondrial fraction for the ATPase, 
transhydrogenase, and TPNH-cytochrome ¢ reductase assays. The supernatant 


of the pellet was used for the assays of glucose-6-phosphate and 6-phospho-gluconic 


dehydrogenases. 

Oxygen consumption was measured by the direct Warburg methed and inorganic 
phosphate by the method of Gomori.’* Nitrogen was determined by a modified 
Pregl micro-Kjeldahl method. Transhydrogenase assays were carried out by the 
method of Colowick et al.,”° the TPNH-cytochrome ¢ reductase by the technique of 
Horecker,?! and the dehydrogenases of 6-phosphogluconate and glucose-6-phos- 
phate by the methods of Glock and McLean,”? using a Beckman DU spectropho- 
tometer equipped with a recording attachment. The adenosine triphosphatase 
(ATPase) activity of mitochondria was measured as inorganic P released during a 
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20-minute incubation at 37° C. in tris-sucrose medium containing ATP and KF, 
each at 0.01 M. 

Results.—Results (Table 1) on the oxygen utilization and P/O ratios of the in 
vitro mitochondrial systems show clearly that there was a marked and highly 


TABLE 1 


COMPARISON OF QO¥ anp P/O Ratios or Liver MirocHoNnpRIA 
FROM NORMAL AND CoLp-ADAPTED Rats 


NorRMAI COLD-ADAPTED 
Mepium QO0% P/O ; P/Ot 


A. 103.2 +6.7f 50 + 0.108 3.6 i es 0.68 + 0.055 


Ae l 
By 93.5 + 5.0 2.12 + 0.096 5.54+3.-! 1.06 + 0.092 


* Mitochondria incubated at 37° C., hexokinase tipped after 5-minute equilibration. Oxygen 
consumption and phosphorus esterification measured for following 20 minutes. Medium A: 
contained (final concentrations) 0.25 M sucrose, 0.0015 M MgCl, 0.01 M Tris, 0.0003 M ATP, 
0.008 M K phosphate buffer of pH 7.28, 0.008 M di-s-hydroxybutyrate, 0.01 M KF, glucose and 
hexokinase. Medium Bs» contained 0.25 M sucrose, 0.006 WM MgCl, 0.01 M Tris, 0.002 M ATP, 
0.0001 DPN, 0.00015 M cytochrome c, 0.01 M dl-8-hydroxybutyrate, 0.01 M K phosphate buffer 
of pH 7.4, 0.01 M KF, glucose, and hexokinase. 

t Standard error. 

t P (normal-cold) < 0.001 in both media. 


significant reduction in the P/O ratios of the particles from the cold-adapted animals, 
compared with their controls. One may note also that the addition to medium B 
of DPN and cytochrome c, while serving to raise the P/O values in both cold and 
normal, did not significantly alter the oxygen utilization. In each, the P/O ratios 
of the cold group were of the order of half those of the controls. It will be noted 
that the QO.% values of the cold mitochondria in both media were significantly 
lower than those of the controls; it is believed that this may have been due to an 
impaired activation and oxidation of the ATP-dependent d(— ) isomer of 8-hydroxy- 
butyrate occurring as a result of a reduced synthesis of ATP by the cold mito- 
chondria. 

Since the lowered P/O ratios of the cold particles could conceivably be caused by 
a greater fragility and consequent damage during the isolation procedures, measure- 
ments were made of the optical-density changes occurring on incubation of the 
mitochondria from the control and experimental animals. Figure 1 shows clearly 
that the normal and the cold mitochondria swell at the same rate when incubated 
in 0.25 M sucrose. However, when incubated in the medium used in the phos- 
phorylation studies, the mitochondria from control rats swell somewhat faster than 
do those from cold-adapted animals. Since others have reported an increased 
rate of swelling to be associated with a lowered phosphorylative ability,?* it would 
therefore appear that the lowered P/O ratios seen here in the cold-adapted animals 
are not due to an altered fragility of the mitochondria. 

Whether the lowered P/O in the cold-adapted system is primarily due to a more 
active dephosphorylating mechanism or to a less efficient pathway of synthesis 
cannot be directly answered by the present experiments. However, measurements 
of degradation of ATP by mitochondria in substrate-free systems gave mean 
Qy rpase (in w atoms P/mg. N/hr) values which were identical (8.97 + 0.54 and 
8.96 + 1.14) in the cold-adapted and control systems. A similar conclusion is 
confirmed in other studies, not detailed here, with liver homogenates derived from 
comparably adapted rats. Likewise, the addition of fluoride to such systems, while 
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Fig. 1.—Optieal-density changes in liver mitochondria of normal and cold- 
adapted rats incubated in vitro. Mitochondria were added to 0.25 M= su- 
crose | }or to the medium used in the phosphorylation experiments 
( , incubated at 26° C., and the optical density at 520 mp measured. 
Values shown represent percentage changes from the initial optical den- 
sity. 


of course reducing the absolute levels of ATPase activity, has in no way altered 
the conclusion that no difference exists in the net degradation of ATP. The in- 
ference, then, is that there is a decreased synthesis of ATP in the cold-adapted 
mitochondria. 

The essential basis for a deviation in metabolic pathway along the electron 
*> who have 


»» 9 


transter chain is suggested from the works of several authors 
variously shown that in experimental hyperthyroidism there is a facilitatory change 
in activities of a number of enzymes favoring enhanced TPNH formation and 
oxidation. To the extent, then, that in the cold-adapted animal there is increased 
thyroid activity,*°-* an analogous situation could obtain. 

Assays of some of the enzymes involved in TPNH formation and oxidation 
were therefore made, with the results as given in Table 2. From this it appears 
that the only difference of possible significance is that of the transhydrogenase 
(P = 0.07). Since this is in the right direction to favor the TPNH pathway, 
however, it may be suggested that some functional significance may attach thereto 
in achieving the observed depression in oxidative phosphorylation of the cold- 
adapted system. 

It may be noted here that the enzyme activities as measured in vitro represent 
essentially maximal rates, since the substrate is in excess, while in vivo the same 
enzymes may not be functioning at maximal rates, depending on the substrate 
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concentration. Depending on the extent to which these enzymes are operating in 
the mitochondria of the respective systems, it might therefore be that only small 
changes in amounts of transhydrogenase and TPNH-cytochrome ¢ reductase would 
be necessary in the cold-adapted animal to produce the observed alteration in P/O; 
it may be that such small changes in activities do occur but are not detected under 
our assay conditions. 

Discussion.— From the present data it is not yet possible to conclude the extent 
to which the thermogenic potential of the cell in vivo is governed by the observed 
reaction system. Certainly, it can be stated only that some alteration in metabolic 
pathways has occurred in which a net thermogenic increment is made available to 
the cold-adapted system and that this does not appear in a comparable system 
from the unacclimatized control. For the substrate system as employed in vitro, 
the cold-adapted animal would appear to enjoy a caloric advantage of the order of 
a factor of 2 over the non-adapted state. Thus, for the same amounts of oxygen 
consumed and substrate oxidized, the resting heat production of the liver would, 
on this basis, be doubled in the acclimatized animal. Conversely, of course, the 
work potential of the system would be correspondingly reduced, whence the sub- 
strate requirements for a given maintenance level would be proportionately increased. 


TABLE 2 


COMPARISON OF SPECIFIC ACTIVITIES* OF ENZYMES 
FROM LIVERS OF NORMAL AND CoLp-ADAPTED Rats 


* 


Enzyme Normal Cold-adapted 
Transhydrogenase 0.140 + 0.011F 0.094 + 0.020t 
TPNH-cytochrome c¢ reductase 3.701 + 0.302 3.968 + 0.368 
Glucose-6-PO, dehydrogenase 723 + 0.097 0.654 + 0.051 
6-Phosphogluconic dehydrogenase 851 + 0.195 1.814 + 0.196 

* Activities are expressed in arbitrary units per milligram nitrogen. 
t Standard error. 
{P= 0.07. 


Moreover, if these conclusions can be applied to the whole animal, it may be 
inferred that the caloric cost of a given work load will be higher in the cold-adapted 
animal than in the normal. 

Concerning the biochemical mechanisms, it is not explicitly clear how the reduced 
efficiency of phosphorylation is achieved in the cold-adapted animal. From the 
ATPase measurements it would appear that the mitochondria from both cold and 
normal rats are equally capable of dephosphorylating ATP. Whence, if it can be 
assumed that exogenous ATP penetrates to the internal sites of normal biological 
exchange within the particles, then it follows that the low P/O ratios in mitochron- 
dria from the cold-adapted rat reflect a lowered net ATP synthesis. The latter could 
be achieved if the cold-adapted animal utilized to a greater extent the route of 
terminal electron transport through the poorly phosphorylating TPN H-cytochrome 
c reductase pathway rather than that through the more efficient pathway involving 
DPNH. However, it would appear from our measurements of activities of the 


transhydrogenase and TPNH-cytochrome ¢ reductase systems that this shunting 


does not occur to any significant extent. It is admittedly difficult to see why this 
electron transfer shunt through TPNH should not be utilized by the cold-adapted 
animal. However, the actual physiological significance of this pathway is itself 
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not altogether clear in respect to in vivo thyroid activity; the experimental ob- 
servations which led to the postulate of the shunt in hyperthyroidism** were 
actually obtained with animals receiving thyroxin at levels of the order of 1,000 
or more times greater than those obtaining in vivo in either normal or cold-adapted 
animals. On this account interpolation to physiological steady-state levels would 
appear of uncertain validity. 

It appears entirely possible that other alternative pathways are utilized during 
cold-adaptation; one possibility is shown schematically in Figure 2. In this it is 
postulated that an intermediate Z ~ P is formed in the mitochondria of the cold- 
adapted rat; if this intermediate requires an appreciable energy input for synthesis 
and further has a very short half-life, then the inorganic phosphate pool of the experi- 
mental system would remain unchanged, irrespective of the turnover rate of the 
Z = P, whence a lowered P/O would ensue. It is necessary further to postulate 
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Fic. 2.—Suggested scheme of metabolic pathways in liver mitochondria of the 

cold-adapted rat. For explanation see text. 
that the phosphate donor in the synthesis of Z & P is not ATP, since the ATPase 
assays would otherwise measure also the degradation of ATP by way of Z = P. 
While these two routes of degradation are currently experimentally indistinguish- 
able, they are in any case equal in the cold and normal mitochondria. The phos- 
phate donor might then be a phosphorylated intermediate of the electron trans- 
port chain which reacts preferentially with Z to form Z = P, rather than with the 
phosphate acceptor system which normally leads to ATP synthesis. While this 
scheme is admittedly hypothetical, experiments are now in progress to test certain 
of its implications. 

Addenda.—(1) Since conclusion of these studies it has also been suggested by 
Potter® that a “calorigenic shunt” could occur in cold adaptation through pref- 
erential operation of the TPNH-cytochrome c pathway to give a net lowering 
of phosphorylation. 
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(2) Concurrently with our preliminary report,” Panagos and Beyer*! reported 
that P/O ratios of liver mitochondria with succinate were depressed variously, 
depending on the extent of the cold acclimatization period. Since succinate is 
known to react at the flavin level of the electron transport system, these results 
may possibly indicate that a major difference in electron transport phosphorylation 
of the cold acclimatized liver mitochondria appear in the step, pyridine nucleotide 
to flavin. 
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EPIGENETIC CONTROL SYSTEMS* 
By D. L. NANNEY 

ZOOLOGY DEPARTMENT, UNIVERSITY OF MICHIGAN 

Communicated by T. M. Sonneborn, May 8, 1958 


Advances in chemical genetics in the past few years have permitted the,formula- 
tion of a consistent hypothesis concerning the chemical nature of the “primary” 
genetic material.! This material is considered to consist of nucleic acid (usually 
deoxyribosenucleic acid) and to contain genetic information in a code of prescribed 
nucleotide sequences. The information is believed to be preserved during repli- 
cation by a ‘“‘semiconservative’’ reproductive mechanism, whereby each daughter 
strand retains a half of the parental molecule and reconstructs a complementary 
portion. Alterations in the genetic material are thought to come about in one of 
two major fashions. Mutations are the more or less random alterations in the code 
which result from chance substitutions in the nucleotide sequences or from gains or 
losses of nucleotides. Recombination also results in changes in the code, but these 
changes are achieved in a more orderly fashion; they require the physical association 
of different kinds of genetic material and are limited in their possibilities in any 
given instance by the nucleotide sequences in the parental materials. According 
to this hypothesis, the genetic material expresses its specificity through a decoding 
process, by which the information in the nucleotide sequences is eventually trans- 
lated into, for example, amino acid sequences in proteins. 

This view of the nature of the genetic material, while certainly not established in 
detail, finds much support in experimental studies and gains great strength from its 
simplicity. It permits, moreover, a clearer conceptual distinction than has pre- 
viously been possible between two types of cellular control systems. On theone hand, 
the maintenance of a “library of specificities,’ both expressed and unexpressed, is 
accomplished by a template replicating mechanism. On the other hand, auxiliary 
mechanisms with different principles of operation are involved in determining which 
specificities are to be expressed in any particular cell. Even without specifying 
precisely how these other mechanisms operate, the distinction between mechanisms 
involving template replication and “other mechanisms” is reasonably clear, even 
though both are involved in determining cellular characteristics. Difficulties arise, 
however, when one attempts to determine whether observed differences in cellular 
properties are due to differences in the ‘primary genetic material” or to differences 
in other cellular constituents. Some of these difficulties can be made apparent by 
setting forth certain general propositions related to the supplementary regulatory 
systems for which evidence is now available. To simplify the discussion of these 
two types of systems, they will be referred to as “genetic systems” and “‘epigenetic 
systems.”’ The term “epigenetic”? is chosen to emphasize the reliance of these 
systems on the genetic systems and to underscore their significance in developmental 
processes.” 

1. Cells with the Same Genetic Material May Manifest Different Phenotypes.— 
Although this proposition cannot be directly demonstrated to be true, abundant 
circumstantial evidence for its validity is available: Certainly, microbial cells 
grown on different substrates or cells found in different tissues of a higher organism 
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can be distinguished on many bases—morphological, physiological, and biochemical. 
Yet the available evidence makes it unlikely that these cells have changed their 
genetic information in the process of becoming different. The existence of pheno- 
typic differences between cells with the same genotype merely indicates that the ex- 
pressed specificities are not determined entirely by the DNA present in the cell- 
that other devices, epigenetic systems, regulate the expression of the genetically 
determined potentialities. 

2. The Genetic Potentialities of a Cell Are Expressed in Integrated Patterns.—The 
determination of expression or non-expression of a particular specificity is seldom, 
if ever, an independent determination for each specificity stored in the ‘genetic 
library.”’ In many cases, as in the sequential induction of enzymes, the expression 
of one specificity may involve the eventual expression of a series of specificities. 
Conversely, the expression of one specificity may make impossible the expression of 
other potentialities. Mutual exclusion, in a gross sense, is apparent throughout 
embryonic development; a cell cannot function as a nerve cell and as a liver cell at 
the same time. Phase variation in Salmonella,* serotype variation,‘ and mating- 
type variation® in certain ciliates provide examples of mutual exclusion in micro- 
organisms. Both simultaneity of expression and mutual exclusion of expression 
imply that intercommunication and metabolic linkage are important characteristic 
features of epigenetic systems. 

3. Particular Patterns of Expression Can Be Specifically Induced.—This is, of 
course, a basic generalization in developmental biology; cells develop in particular 
ways in part at least because they occupy certain geographical locations and are 
exposed to certain chemical environments. Similarly, directed changes in micro- 
organisms, within limits set by the genotype, can be observed; induced enzyme 
synthesis is a special case of this phenomenon. The specific agents of induction 
need not be extrinsic in origin, however, but may be produced within a single cell. 
This proposition of specificity of induction is a corollary of the previous proposition, 
since integration and specific inhibition would be difficult or impossible without 
intracellular communication by specific agents. Moreover, a large part of the 
utility of epigenetic systems for micro-organisms lies precisely in their ability to 
respond specifically to altered environmental conditions. 

4. Epigenetic Systems Show a Wide Range of Stability Characteristics.—Certain 
patterns of expression, although specifically induced, may be perpetuated in the 
absence of the inducing conditions. For this reason, cells with the same genotype 
may not only manifest different phenotypes, but these differences in expressed 
potentialities may persist indefinitely during cellular division in essentially the 
same environment. The widely held view that differentiated cells in vertebrates 
do not “‘de-differentiate” suggests that some epigenetic systems have great stabil- 
ity; the lack of universal agreement on this view suggests that epigenetic systems 
vary in stability. The observation that cells of Escherichia coli, adapted and un- 
adapted to galactoside, can be maintained indefinitely in the same environment 
provides a recent and striking example of a stable epigenetic homeostat.6 Other 
examples in unicellular forms are, again, the systems regulating serotype and mating- 
type specificities in the ciliates.* ° 

These observations create a real problem. One operational definition for 
“hereditary differences’? has involved the indefinite perpetuation of cellular dif- 
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ferences during growth in the same environment. Yet instances are known in 
which cellular differences may be maintained in the absence of detectable genetic 
or environmental differences. Hence the observation of indefinite persistence of 
differences does not distinguish persistent homeostasis due to DNA maintenance 
(genetic homeostasis) from persistent homeostasis due to epigenetic regulation 
(epigenetic homeostasis). Moreover, great difficulty is encountered in separating, 
on any conceptual basis, epigenetic systems controlling differences which persist 


indefinitely from systems maintaining differences for shorter periods of time, and 
these, in turn, from systems relating to differences which disappear immediately 
when cells are placed together in the same environment. ‘Cellular memory”’ is 
not an absolute attribute. Thus the permease system mentioned above® shows 
persistence during growth under one set of environmental conditions but not 
under another set of conditions. Moreover, what appear to be very similar systems 
of control of serotype specificities in varieties 1 and 4 of Paramecium aurelia‘ differ 
considerably in their ability to maintain differences in a common environment; 
even within a single variety wide variations in serotype stabilities are observed, 
depending upon which specificities are being expressed and what cultural conditions 
are employed. Therefore, the separation of epigenetic regulators into two major 
classes, depending on their stability, would separate regulators with fundamentally 
similar mechanisms into two artificial categories and might even place the same 
system in different categories, depending on the conditions of observation. This 
variability in stability of a single epigenetic system may be a very common phe- 
nomenon; the major operational difficulty lies, however, in separating genetic 
systems from epigenetic systems under conditions of maximal stability. 

5. Some Epigenetic Devices May Be Localized in the Nucleus.—Some attempts to 
characterize cellular regulatory agencies have placed considerable reliance on a 
geographical distinction; the genetic systems were considered to reside in the 
nucleus and on the chromosomes, to be stable and insulated from environmental 
alterations. The supplementary systems were thought to occupy the cytoplasm, 
to be more flexible and responsive to environmental alterations. While this 
distinction may have some general validity, its usefulness in particular cases may be 
slight. First, some of the systems of greatest interest are not amenable to the 
operations permitting a distinction between nuclear and cytoplasmic bases, i.e., 
breeding analysis or nuclear transplantation. Second, some genetic material 
occurs in the cytoplasm, although its common occurrence there is debatable. More 
serious are observations which suggest that some epigenetic control systems are 
located in the nucleus. The studies on nuclear differentiation in amphibian develop- 
ment’ provide perhaps the most dramatic single example of this evidence. Studies 
on the serotypes in Salmonella,’ however, go even further in suggesting that such 
control systems may even be localized on the “chromosomes” themselves. If such 
systems are so localized and particularly if they manifest considerable stability, 
they would behave in breeding analyses in a manner strictly comparable to genetic 
systems and would be indistinguishable from them on this basis alone. Certainly, 
when breeding analysis demonstrates a chromosomal localization of a determinant 
of cellular differences, strong evidence must be available to counterbalance the 
presumption of genetic control, but in some instances chromosomal control systems 
manifest so many “typical” epigenetic characteristics that their classification as such 
may be warranted. 
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This discussion then leads directly to the critical question: Can any available 
operation, or combination of operations, yield an unambiguous classification of 
cellular regulatory systems into genetic and epigenetic categories? Individually, 
persistence and nuclear localization have been rejected as adequate criteria. While 
a lack of persistence excludes a genetic basis for differences, the observation of 
persistence does not exclude an epigenetic basis. Although indicative, neither 
cytoplasmic nor nuclear localization certainly classifies a control system, since some 
genetic elements exist in the cytoplasm and some epigenetic systems are found 
in the nucleus. 

If these commonly used criteria are inadequate, what other criteria can be em- 
ployed? One criterion of possible utility concerns the specificity of induction of 
changes, but this criterion is also subject to ambiguous interpretation. Epigenetic 
systems are useful biological systems primarily because of their susceptibility to 
control; integration without specific inhibition and specific induction would be im- 
possible. In principle, therefore, epigenetic alterations should be predictable and, 
under the proper circumstances, should occur with great reliability. In practice, 
however, a failure to induce a change with predictable results might reflect nothing 
more than a lack of knowledge about the proper conditions. Moreover, certain types 
of genetic alterations can be achieved with precision. Thus cytoplasmic genetic 
elements may be lost by specific environmental manipulations, and specific introduc- 
tion of genetic material (as in virus infection) may not be detected as such, yet may 
lead to specific genetic alterations. Moreover, quantitative changes in the genetic 
material may be achieved by known treatments, and differential quantitative 
changes may occur within a single cell. One cannot even entirely exclude the 
possibility of specific mutagens, in the sense of agents which reliably alter particular 
nucleotide sequences in a particular manner, though convincing evidence for such 
agents is not yet available. In spite of these difficulties, one might expect epigenetic 
systems to be less stable and more susceptible to extrinsic control than genetic 
systems, and this criterion may be of some value. 

Finally, the restrictions imposed on epigenetic systems by the genetic material 
require that the alterations which occur be limited by the information available 
in the genetic library. Hence one may in certain cases find suggestive evidence for 
epigenetic control if the number of “‘states’’ of a system is limited. 

These criteria must be recognized as individually inadequate, unsatisfactory 
in combination, and provisional at best. Their application at the present time 
must involve a considerable subjective factor. Nevertheless, they constitute our 
chief barricade from nihilism and provide a basis for tentatively classifying several 
chromosomal homeostats as epigenetic. 

A detailed analysis of all the systems which show presumptive epigenetic charac- 
teristics, or even those which may involve nuclear epigenetic homeostats, is not 
possible in this essay. Nevertheless, a few such systems and their more significant 
attributes will be mentioned briefly. In certain cases, where breeding analyses of 


somatic nuclei are not possible, a nuclear localization of control systems has been 


established by other means. These cases are considered to involve epigenetic 
control for the following reasons. The persistent nuclear alterations studied by 
Briggs and King,’ in so far as they can be reckoned to be normal alterations occurring 
during development, were probably induced by specific, but unknown, local condi- 
tions of the embryonic environment. The nuclear alterations responsible for 
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mating-type differentiation in the ciliates’ may also be specifically induced, in 
some cases by the cytoplasmic environment; they show, moreover, a limitation of 
the spectrum of changes which is directly imposed by the genotype. 

The system of phase variation in Salmonella, studied by Lederberg and lino,* 
has been analyzed by transductional techniques and shown to be localized on the 
“chromosome.”’ The epigenetic character of the system is suggested by the relative 
instability of the homeostat but is indicated much more strongly by the limitation 
of the spectrum of changes to stable specificities controlled by two genetic loci. 
Some of the changes in this system have not yet been brought under direct control, 
but other changes appear to be directed by internal regulatory agents. 

The studies of Brink and his co-workers* on modifications at the R locus in 
maize present another situation of considerable interest. Certain chromosomally 
localized alterations are specifically induced when particular homologous genetic 
elements are brought together in heterozygotes; these modifications may persist 
indefinitely after the inducing conditions are removed but can be reversed to a 
certain extent under other specific intracellular conditions. This study bears many 
resemblances to that of Rizet® on the “barrage” effect in Podospora, who also 
demonstrated a specific cellular alteration, induced in a particular heterozygote, 
associated with a particular genetic locus, and persistent after the heterozygous 
condition was resolved. Moreover, a reversal of the alteration could be achieved by 
exposure of the modified strain to cytoplasm of an unaltered strain. Although 
some of these changes in both maize and Podospora occurred in known heterozygotes, 
recombination is considered an unlikely explanation, since no detectable altera- 
tions occurred in one of the allelic loci and since the cells receiving the other locus 
were modified in 100 per cent of the cases. (Other alterations occurring specifically 
in heterozygotes are difficult to distinguish from recombination of some sort, 
particularly when they occur only very rarely; the possibility, however, that some 
rare interallelic effects—such as in “‘gene conversion’’—are due to epigenetic altera- 
tions cannot be discounted.) 

Finally, the studies of Smith and Sand’ suggest that epigenetic systems may 
be responsible for some of the phenomena ascribed to “mutable genes.’’ They 
extracted an unstable locus from an interspecific hybrid of Nicotiana which shifted 
frequently between two forms in both somatic and germinal tissue. A specific 
induction of the alterations is suggested by the fact that the alterations in the soma 
appear to occur at specified times in development, different for the two directions 
of change. The rates of change are, moreover, highly and differentially sensitive 
to temperature. The detection of this unstable gene in an interspecific hybrid 
suggests that the gene, removed from the genome of origin, is incapable of respond- 
ing in a regular fashion to normal development stimuli in a foreign genome. 

This discussion is based on the idea of two types of cellular regulatory systems, 
both capable of maintaining persistent cellular characteristics but achieving 
homeostasis by different means. The current concept of a primary genetic material 
(DNA), replicating by a template mechanism, is opposed to a homeostatic system 
operating by, perhaps, self-regulating metabolic patterns.'! The details of opera- 
tion in neither type of system can be precisely determined at the present time, and 
any attempt to discriminate between them may be premature. Certainly, an 
operational distinction at the present time encounters great difficulties. Never- 
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theless, a recognition of the existence of the two types of systems, and even the 


difficulties in distinguishing between them, may be useful in avoiding confusion in 


discussing cytoplasmic inheritance, developmental alterations, inheritance of 
acquired characters, mutation, and genetic recombination. 


* Aided by grants from the National Science Foundation. This essay is based on remarks 
given at a conference on ‘‘Extrachromosomal Heredity”’ held at Gif-sur-Yvette, France, in March, 
1958. The conference was held under the auspices of the Rockefeller Foundation and the Ameri- 
can Institute of Biological Sciences. 

'J. D. Watson and F. H. C. Crick, Nature (London), 171, 964, 1953; see also Cold Spring 
Harbor Symp. Quant. Biol., 21, 1956, and symposium on The Chemical Basis of Heredity (Baltimore: 
Johns Hopkins University Press, 1957 ). 

* See C. H. Waddington, Principles of Embryology (New York: Macmillan Co., 1956). 

3 J. Lederberg and T. Iino, Genetics, 41, 743, 1956. 

‘G H. Beale, Intern. Rev. Cytol., 6, 1, 1957. 

5 T. M. Sonneborn, in A.A.A.S. symposium on The Species Problem, p. 155, 1957; D. L. Nanney, 
Am, Naturalist, 90, 291, 1956. 

6 A. Novick and M. Weiner, these PRocEEDINGS, 43, 553, 1957 
7T. J. King and R. Briggs, Cold Spring Harbor Symp. Quant. Biol., 21, 271, 1956. 

®R. A. Brink, Genetics, 41, 872 1956; R. A. Brink and W. J. Weyers, these PRocEEDINGs, 43, 
1053, 1957. 

°G. Rizet, Rev. cytol, et biol. végétales, 13, 51, 1952. 

1 H, H.Smith and §. A. Sand, Genetics, 42, 560, 1957; S. A. Sand, Genetics, 42, 685, 1957. 

11, Wright, Am. Naturalist, 79, 289, 1945; M. Delbruck, in discussion following paper by T 
M. Sonneborn and G. H. Beale, Colloq. intern. centre natl. recherche sci. (Paris), 7, 25, 1949. 
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ERRATA: STIMULATION OR INHIBITION OF VIRUS OF INFECTED 
AND INSECT-GALL TISSUES AND SINGLE-CELL CLONES 
BY A. C. HILDEBRANDT 


The title of the article appearing in these ProcEEDINGS, 44, p. 354, should read 
Stimulation or Inhibition of Virus Infected and Insect-Gall Tissues and Single-Cell 


Clones 


ERRATA: NOMENCLATURE OF THE ACTINOMYCINS 
BY SELMAN A. WAKSMAN, EDWARD KATZ, AND LEO C. VINING 


In the article of the foregoing title appearing in these PRocEEDINGS, 44, p. 608 
should appear as follows: 


TABLE 4 
INFLUENCE OF NITROGEN SOURCE ON COMPOSITION OF ACTINOMYCIN COMPLEX 
NITROGEN ~RELATIVE PercentTAGE or CoMPONENTS 
ORGANISM Source I II II! IV Vv VI 
}. antibioticus L-glutamic acid 6.2 2 2.8 80.4 8.4 
3. antibioticus L-threonine Fe | 2.9 20:2 58.4 
S. antibioticus L-glutamice acid plus 


sarcosine 35.6 27.3 §.5 


§. chrysomallus KNO; 10.0 50.0 40.8 
. chrysomallus Glycine . qt on 43.2 49.8 
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